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OPEN A progressive wafer scale approach

for Sub-10 nm nanogap structures

Jongjin Cha'*, Geon Lee?, Dukhyung Lee?, Dai-Sik Kim%* & Sunghwan Kim***

Sub-10 nm nanostructures with high precision and uniformity are of significant interest due to their
unique quantum properties and critical role in next-generation devices. However, current fabrication
techniques are often constrained by the slow, small-area processes of electron beam lithography

or the high costs of extreme ultraviolet (EUV) lithography, limiting broader accessibility. To address
these challenges, we have advanced the atomic layer lithography method into an efficient, scalable
approach for fabricating sub-10 nm nanogaps with high uniformity across entire wafer areas. The
key strategy of this method is the direct employment of photoresist patterns as both protective and
sacrificial layers, streamlining the process. Comprehensive optical and electron microscopy analyses,
supported by COMSOL simulations and terahertz transmission measurements, confirm the formation
of highly uniform, high-quality nanogaps across the entire wafer. Compared to the original atomic
layer lithography, our approach offers enhanced patterning flexibility, including a simplified process,
improved compatibility with a wide range of metals, and the ability to perform additional patterning
on initial nanogap structures. This scalable technique, compatible with standard lithographic tools,
provides a promising pathway for sub-10 nm nanogap fabrication, with strong potential for both
academic research and industrial applications.

Sub-10 nm nanostructures have emerged as transformative elements in nanoscale engineering, offering
unparalleled advantages in nanophotonics and high-density integrated electronics’?. Among nanoscale
architectures, nanogaps are unique due to their ability to localize and amplify electromagnetic (EM) fields
within volumes significantly smaller than the wavelength of light?. This extreme confinement results in ‘hotspots’
that facilitate quantum mechanical effects and significantly enhance light-matter interactions*~>. Nanogap-
based devices are pivotal in advancing research and applications across multiple scientific disciplines®’. For
instance, their role in terahertz (THz) technology includes enhancing field confinement and facilitating precise
modulation of long-wavelength EM waves®-'?. Nanogap also underpins innovations in molecular detection and
single-molecule spectroscopy by leveraging amplified EM fields'!~13. In the realm of energy technologies, they
serve as rectenna components, converting electromagnetic waves into direct current with improved efficiency'*.

To fabricate sub-10 nm nanogap structures, electron beam lithography (EBL) and ion beam lithography are
commonly employed due to their high resolution and precision'>~'”. However, both methods face substantial
challenges in terms of scalability and production yield. These techniques are constrained by their small working
areas and slow processing speeds, rendering them impractical for fabricating even millimeter-scale devices. As
a result, there is a growing demand for fabrication methods capable of producing sub-10 nm structures across
entire wafers, enabling the mass production of nanodevices. In response to this need, advanced fabrication
techniques, such as nanoimprint lithography (NIL) and extreme ultraviolet (EUV) lithography, have been
introduced!®-2l. Although they offer scalability and cost-efficiency, NIL faces issues with defect rates and
mold wear during imprinting, while EUV lithography is hindered by the substantial costs of equipment and
operational complexity, limiting its accessibility for broader applications. Also, adhesion lithography (a-Lith) is
another noteworthy technique that utilizes self-assembled monolayers for nanogap fabrication with relatively
low cost and compatibility with various materials?>??. This method is highlighted for its simplicity and scalability.
However, achieving uniformity across large areas remains challenging due to the need for precise control over
substrate adhesion and peeling processes. A comparative summary of these methodologies for wafer-scale sub-
10 nm nanostructure fabrication is provided in Supplementary S1.

As an alternative to the aforementioned techniques, the atomic layer lithography (ALL) method was first
demonstrated by Chen. X and Park. H. -R. and colleagues in 2013, utilizing standard photolithography in
combination with atomic layer deposition (ALD)*. A key feature of ALD in this context is its flexibility in

1Department of Physics and Astronomy, Seoul National University (SNU), Seoul 08826, Republic of Korea. 2School
of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, Republic of Korea. 3School of Applied
and Engineering Physics, Mohammed VI Polytechnic University (UM6P), 43150 Ben Guerir, Morocco. “Department
of Physics, Ulsan National Institute of Science and Technology (UNIST), Ulsan 44919, Republic of Korea. *email:
shkim0018@unist.ac.kr

Scientific Reports |

(2025) 15:11323 | https://doi.org/10.1038/s41598-025-96200-6 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-96200-6&domain=pdf&date_stamp=2025-4-2

www.nature.com/scientificreports/

adjusting deposition cycles, allowing precise control over the thickness of dielectric layers for nanometer-scale
structures. Furthermore, the ALL method, when paired with conventional UV lithography, offers a cost-effective
means of producing nanostructures with desired patterns, making it an accessible approach for researchers
across diverse fields. However, the initial implementation of the ALL method faced several limitations due to the
mechanical exfoliation in the final step. First, while UV lithography enables large-scale patterning, the overall
pattern scale achievable with this approach was inherently restricted by the manual nature of mechanical peeling-
off, leading to a very low yield of nanogap fabrication. Second, uneven surfaces on the resulting nanostructures
often compromised device performance.

Since its beginning, numerous efforts have been made to address these challenges and enhance the ALL
method, as summarized in Table S2. Among these, a particularly notable advancement was introduced by
Jeong et al. in 2015, who replaced the mechanical peeling-off process with a chemical etching technique?’. This
approach significantly improved nanogap yield by eliminating the reliance on adhesive tape. Moreover, this
modification facilitated the production of diverse nanostructure geometries. Despite these advancements, the
ALL method remains constrained by the limitations of chemical etching, particularly when applied to a broader
array of metal species, including silver (Ag), copper (Cu), aluminum (Al), and titanium (Ti), and so on%.

In this study, we decisively strengthened the ALL method by employing a photoresist layer as both a protective
mask and a sacrificial layer in the fabrication process, to fabricate a sub-10 nm slot antenna array across the
entire wafer. The formation of sub-10 nm nanogap was rigorously verified via optical and electron microscopy,
complemented by terahertz time-domain spectroscopy (THz-TDS). Notably, THz-TDS measurements were
performed across the entire wafer, revealing uniform spectral characteristics that confirmed the consistent
fabrication of sub-10 nm slot antenna arrays on a wafer scale. This uniformity underscores the method’s reliability
for large-area applications. Furthermore, this study demonstrated the successful fabrication of 10 cm-long slits
and introduced the use of previously challenging metal combinations, such as Cu and Ag, alongside adhesion
layers. These advancements effectively addressed the limitations of earlier ALL methods, including constraints
on pattern shape and material compatibility issues. Leveraging these improvements, the enhanced ALL method
provides a robust foundation for additional post-processing, enabling the development of complex and diverse
applications in fields ranging from optics to electronics and advanced sensing technologies. This work presents a
groundbreaking approach to sub-10 nm nanostructure fabrication, offering a cost-efficient, scalable production
method with high yields, poised to significantly advance both academic research and industrial applications.

Methods

Fabrication of sub-10 nm slot antenna array across the entire wafer by advanced atomic
layer lithography

As illustrated in Fig. 1a, the fabrication process began with the deposition of a 50 nm-thick Ag film with a
3 nm-thick chromium (Cr) as an adhesion layer on a substrate. Standard photolithography with a photomask
(Fig. Sla) was then applied to define a photoresist pattern on the Ag film across the entire wafer. The exposed
regions of the Ag layer were subsequently removed via argon (Ar) ion beam milling, with the photoresist pattern
serving as a protective mask for the underlying Ag layer. A conformal aluminum oxide (Al,O,) dielectric layer
was deposited using ALD over 33 cycles, followed by the deposition of a secondary Ag layer with a Cr adhesion
layer via electron-beam evaporation under identical conditions. Next, the sample underwent a second Ar ion
beam milling step at an 80° angle for 150 s, followed by treatment with a 1 M potassium hydroxide (KOH)
solution to expose the sidewalls of the photoresist pattern in preparation for subsequent processing. Finally, the
photoresist pattern, along with the excess Al,O, and secondary Ag layers above the first Ag film, was removed via
a lift-off process using N-Methyl-2-Pyrrolidone (NMP). Notably, due to the hardening of the photoresist during
the high temperature ALD and Ar ion beam milling steps, the lift-off process necessitated a highly effective
organic solvent to ensure complete removal without residue. The final structure was then achieved by rinsing
the sample thoroughly with isopropyl alcohol (IPA). Further details of the fabrication process are provided in
Supplementary 1, S3.

THz-TDS measurements

In the THz-TDS experimental setup shown in Fig. S3a, a mode-locked femtosecond Ti: Sapphire laser, with
a center wavelength of 800 nm, an 80 MHz repetition rate, and a pulse duration of 130 fs, was used for both
the pump and probe beams to generate and detect THz waves, respectively?’. The pump beam was directed
onto a low temperature-grown gallium arsenide (LT-GaAs) photoconductive antenna (PCA) to excite charge
carriers within the GaAs, which were then rapidly accelerated by an applied bias on the PCA, generating THz
pulses. The emitted THz pulses were collected and collimated using a series of parabolic mirrors, minimizing
optical aberrations and focusing the THz waves onto the sample at normal incidence for precise transmission
measurements. After interaction with the sample, the transmitted THz pulses were recollimated by another
set of parabolic mirrors and directed toward the detection system. For detection, electro-optic (EO) sampling
was performed using a (110)-oriented ZnTe crystal. When the transmitted THz pulses induced birefringence
in the ZnTe crystal, the polarization of the incident probe beam was modulated. The modulated beam was
directed through a quarter-wave plate (QWP) and a Wollaston prism to a balanced detector, which captured
the modulation and recorded the temporal profile of the THz electric field. Time-domain traces of the THz
pulses were obtained by systematically moving the pump delay stage, enabling precise measurement of the THz
waveforms. The THz spectrum in the frequency domain was then extracted by applying a fast Fourier transform
(FFT) to the time-domain traces.
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Fig. 1. Wafer-scale fabrication of sub-10 nm nanogap slot antenna array via the advanced atomic layer
lithography (ALL). (a) Schematics of the fabrication process, showing the use of a photoresist pattern as both
a protective mask and a sacrificial layer—an improvement over conventional ALL methods. (b) Photograph
of the wafer following the completion of the fabrication process. (c) Optical microscopy image of the sample,
showing a slot antenna array with dimensions of 20 um x 80 pm. Due to the low contrast in observations, the
image has been adjusted to enhance the visibility of the array. (The 3D schematic images were generated using
Web Vpython 3.2 in GlowScript, https://www.glowscript.org).
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COMSOL simulations

To investigate the optical properties of the slot antenna array, we employed finite element method (FEM)
simulations using COMSOL software. First, the overall structure in the simulations consisted of a silicon (Si)
substrate with a metallic film, where the metallic layer was perforated and filled with a ring-shaped Al,O, spacer.
The Al,O, spacer, with a sub-10 nm width, formed between the two metallic layers. We calculated cases with
slot widths ranging from 3 to 8 nm. The patterns were defined as 20 um x 80 pm rectangular slots within a unit
cell of 40 pm x 100 um. This resulted in optical simulation outcomes for six distinct cases. For further accurate
simulation results, precise optical constants of each material are essential. Therefore, we referenced previously
reported refractive indices and dielectric constants for the calculations?®. Notably, the metallic film exhibits
dispersive characteristics in the THz region. Hence, we employed the Drude model to define the dielectric
constant of the Ag film?. The dielectric constant of the metallic film can be defined as follows:

2
Wp

S i) W

e(w)=€x —

where w , is the plasma frequency, and v is the damping frequency. At the THz frequency, € o exhibits
relatively small values, so it can be approximated as 125. The material parameters used for the FEM simulations
are provided in the Table 1.

Results and discussion

Figure 1b and ¢ show an overall photograph and optical microscope images of a sub-10 nm slot antenna array,
featuring a 20 pm x 80 um rectangular structure, fully fabricated using 50 nm-thick Ag on a 4-inch Si wafer.
The successfully fabricated sub-10 nm slot antenna array highlights the effectiveness of the improved approach
for wafer-scale nanogap structures, offering a visible alternative to costly and restrictive methods, such as NIL
and EUV lithography. To clearly observe the fabricated nanogap structures, field emission-electron microscope
(FE-SEM) and spherical aberration-corrected transmission electron microscope (Cs-TEM) measurements
were conducted. Figure 2a and b showcase a well-defined rectangular array with cleanly fabricated features.
Moreover, a nanogap within the dotted box region in Fig. 2b was further examined in higher-magnification
top-view (Fig. 2c) and cross-sectional (Fig. 2d) images, confirming the precise formation of nanogaps along
the designed pattern. In Fig. 2e and f, TEM measurements at higher magnification were used to accurately
observe and define the gap width. The nanogap was found to be perfectly perpendicular to the substrate, with the
underlying Al,O; layer beneath the secondary Aglayer and slight substrate etching evident due to the fabrication
process. Additionally, Fig. 2f, a magnified view of the dotted box region in Fig. 2e, confirms that the gap width
is approximately 5 nm.

A key innovation in our approach is the direct use of the photoresist pattern as both a protective mask
and a sacrificial layer during fabrication. While plasma etching and ALD processes are typically unsuitable for
photoresist polymers due to hardening and deformation under high-temperature conditions, the fabrication of
the slot antenna array demonstrated that the photoresist pattern remained largely intact during both the Ar ion
beam milling and ALD steps. Moreover, the sub-10 nm slot antenna array was successfully achieved following
the KOH solution treatment and lift-off process. To provide a detailed illustration of the fabrication steps, SEM
measurements were conducted at each stage, utilizing a 100 nm-thick Au layer and a 50 nm-thick Al,O; layer on
a 300 nm-thick SiO,/Si substrate, as shown in Fig. S2. After the secondary Au deposition, the overall structure
remained stable, as depicted in Fig. S2a and S2b, indicating that the photoresist pattern was well-preserved during
the ion beam milling process. It is important to note that, unlike reactive ion etching (RIE), the ion beam milling
process exhibits strong directionality, enabling anisotropic etching of the metal layer®?, Thus, the second Ar ion
beam milling selectively etches the Au on the sidewalls of the photoresist pattern, while the Au layers on top of
the photoresist and on the substrate remain largely intact, with negligible etching (Fig S2c). Furthermore, despite
undergoing the second ion beam milling, KOH treatment, and lift-off processes, the nanogap structure shown
in Fig. S2d was fabricated perfectly without any significant deformation. This demonstrates that a photoresist
pattern can serve directly as both a protective mask and sacrificial layer for the ALL method, highlighting its
versatility and robustness in nanoscale fabrication.

To statistically assess the uniformity of the fabrication across the entire wafer, the optical properties of the
slot antenna array in the THz regime were measured after dicing the wafer into 1 cm? square chips (Fig. S1b).
Given the clear correlation between slot width and THz resonance®?, THz-TDS measurements were performed
using a Ti: Sapphire femtosecond laser to generate and detect the THz waves (Fig. S3a). Figure 3a shows the
THz transmission spectrum, with a resonance at 0.36 THz for the 5 nm gap width slot antenna array observed
in Fig. 2. To further investigate the THz resonance behavior of the slot antenna array, COMSOL simulations

Parameters Value Reference
plasma frequency of Ag, w , 2.321 PHz | 30
damping frequency of Ag, v 5.513 THz | 30
Refractive index of air, i 1

Refractive index of Si, ngs; 3.41 31
Refractive index of ALO,, na1, o3z | 235 28

Table 1. Parameters in the FEM simulations.
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Fig. 2. Electron microscopy observations of nanogaps. (a-d) FE-SEM images of a nanogap slot antenna array.
(a, b) Top-view images of the array, and (¢, d) higher-magnification top-view and cross-sectional images of the
nanogap highlighted by the dotted box in (b). (e, f) The cross-sectional images of a nanogap obtained using Cs-
STEM images acquired at magnifications of (e) 200k and (f) 500k. The image in (f) corresponds to the dotted
square box in (e). The formation of 5 nm nanogaps is clearly visible.

were conducted for various structural configurations, with nanogap widths ranging from 3 to 8 nm, as shown
in Fig. 3b. The simulation results for 5 nm show good agreement with the experimental results. Additionally,
as the nanogap width increases, the THz resonance shifts to higher frequencies, accompanied by an increase in
transmission. Through the analysis of the COMSOL simulations, we examined the THz-TDS measurements of
the 57 diced chips and analyzed the nanogap sizes, as shown in Fig. S3b and Fig. S7in Supplementary Materials 2.
As a result, the nanogap size on the wafer was found to increase from 3 nm at the wafer edge to 7 nm at the
center. Considering that the nanogap size is primarily determined by the thickness of the AL, O; layer in the
ALD process, the slight variations in the nanogap structures are likely attributed to incomplete optimization of
the ion milling process®*. Due to the decreasing milling rate from the center to the edge of the wafer in the ion
beam etching process, the Si beneath the Ag in the central region of the sample may be etched more extensively
after complete removal of the Ag layer. Furthermore, the milling rate typically varies depending on the material,
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Fig. 3. THz transmission through the nanogap slot antenna array. (a) Experimental result and (b) COMSOL
simulations. The inset illustrates a schematic of the THz-TDS experimental setup. The COMSOL simulations
show THz transmission through the nanogap slot antenna array as a function of the gap width.

suggesting that the edges of the photoresist pattern may be slightly altered by the non-uniformity of the ion
beam milling. This could lead to a shadowing effect during ALD and the second metal deposition, resulting in a
broader gap width, as shown in Fig. S4. To minimize gap width variation in future processes, it is recommended
to optimize plasma uniformity in an etching process. Nevertheless, all slot antennas fabricated across the
wafer exhibited sub-10 nm widths, demonstrating a 100% yield using the advanced method. Furthermore,
with complete process optimization, it is anticipated that exceptionally precise and highly uniform sub-10 nm
structures with meticulously defined patterns can be consistently achieved across the entire wafer, marking a
significant advancement in nanofabrication.

As mentioned above, the advanced ALL method overcomes limitations faced by earlier ALL techniques,
which relied on mechanical stripping or chemical etching®>3°. Figure 4 demonstrates the use of a combination
of Ag and Cu to fabricate the same slot antenna array (Fig. 4a) and wafer-scale long slits (Fig. 4b), showcasing
the incorporation of Cu—a metal previously incompatible with earlier ALL fabrication methods. The step-by-
step fabrication process for the infinitely long slits is illustrated in Fig. S4. Compared to earlier ALL approaches,
the improved method successfully enables the creation of long lines over large areas while accommodating both
challenging metal species. This highlights the versatility of the advanced approach, enabling the use of various
metals and the creation of large-scale patterns with sub-10 nm nanogaps. As the nanogap width decreases to
sub-10 nm scales, quantum effects become more pronounced, enabling transformative applications such as
surface-enhanced Raman spectroscopy (SERS), gas sensing, and optical rectification!>*’*. Building on the
results of Ag-Cu utilization in the improved approach, the versatility of incorporating various metal species was
further demonstrated. Additionally, directly applying the photoresist pattern onto nanogap structures enables
the creation of diverse patterns with nanogap features*®*!. Figure 5a illustrates an electrode pad array with a
6 nm gap width, composed of Ti and platinum (Pt) at the wire center. The fabrication process for this electrode
pad array follows the approach used for the Ag-Cu nano-slits shown in Fig. 4c and d. After forming infinitely
long nano-slits composed of Au/Ti and Pt layers, additional dumbbell-shaped photoresist patterns were
introduced on top of the nano-slits, as depicted in Fig. S6. To prevent oxidation and reduce contact resistance,
the Ti layer was coated with an Au layer. Figure 5b presents an optical microscope image of an electrode pad
pattern outlined by the white dotted box in Fig. 5a, confirming the successful fabrication of an electrode bridge
with the nanogap region at the center. Furthermore, the FE-SEM images in Fig. 5c and d clearly reveal a 6 nm
gap with higher magnification. Notably, since the fabrication process for Ti and Pt was not fully optimized, the
Au/Ti and Pt layers in the FE-SEM image exhibit imperfect vertical profiles within the gap, indicating a lower
yield. Nevertheless, by incorporating this post-processing step, the ALL method further expands its applicability
in creating intricate patterns with sub-10 nm structures. This demonstration highlights the potential of the
advanced ALL technique, integrated with additional patterning, for broad applications in optoelectronics and
molecular sensing??*3.

Fabricating sub-10 nm structures on a large-scale is essential for advancing a wide range of technologies,
enabling unique quantum effects and high-density integration for the next generation devices. It is worth noting
that conventional UV lithography, typically achieving micron-scale patterning, was employed in this study.
Importantly, the advanced ALL method offers flexibility, facilitating the integration of other techniques, such as
NIL, EUV, and deep UV (DUYV) into the initial step to support the fabrication of dense, fine-featured devices?’.
Additionally, the nanogap structures without adhesion layer can be transferred onto various substrates, enabling
heterostructure-based nanogap applications*®. This adaptability makes the advanced ALL method even more
versatile and suitable for a wide range of research and industrial applications. For instance, our advancements
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Fig. 4. Sub-10 nm nanogap structures composed of Cu and Ag: (a, b) Nanogap slot antenna array and (c, d)
infinitely long slits. These structures demonstrate the potential to use corrosion-susceptible metals and offer
increased flexibility for large-scale patterns across the entire wafer. The images in (b) and (d) correspond to the
dotted boxes in (a) and (c), respectively.

offer significant advantages in addressing challenges associated with metal-insulator-metal (MIM) diodes,
which are essential components in optical rectenna and display industry*’. Particularly, the precise control over
sub-10 nm vertical structures afforded by the advanced ALL method allows for the fabrication of ultra-thin
insulating layers in MIM diodes with vertical profiles, essential for achieving the high tunneling current densities
required for efficient optical rectification!®. As a result, by leveraging the merit of this method, there is great
potential to develop a scalable MIM diode capable of generating substantial current?.

Conclusion

In summary, remarkable enhancements of the ALL method were demonstrated by successful fabrication of a
sub-10 nm slot antenna array across the entire wafer. This improved method, utilizing the photoresist pattern
as both a protective and sacrificial layers, demonstrates its competence to surpass the shortcomings of prior
approaches by fabricating sub-10 nm structures that were previously unattainable. Additionally, with the
key innovation in post-process, the method further extends its capability and suitability compared to other
techniques. Consequently, the advanced ALL method establishes itself as a compelling solution for fabricating
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Fig. 5. (a) Mass production of Au/Ti-Pt nanogaps with a dumbbell-shaped array on a sapphire wafer. (b-d)

An

Au/Ti-Pt wire featuring a 6 nm nanogap at its center, observed using (b) an optical microscope and

FE-SEM measurements captured at magnifications of (c) 45k and (d) 100k. The Au layer prevents oxidation
of the Ti layer. The dumbbell-shaped array was fabricated through an additional post-process following the
fabrication of nanogap slits, as illustrated in Fig. S6.

sub-10 nm structures, providing not only cost-effective, large-area manufacturing with high yields, but also
appreciable advantages for both research and industrial society.

Data availability
If you want to request the experimental information and data presented from this study, please contact the cor-
responding author.
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