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Abstract: Future quantum chips, sensors, and integrated circuits will require atomic-scale 

construction to achieve higher performance and device density. However, current manufacturing 

technologies cannot fully meet this requirement. This study introduces a novel atomic-scale direct-

writing (ADW) technique based on atomic force microscopy (AFM) for monocrystalline silicon, 

a key substrate material. In ADW, applying a negative bias to the workpiece generates an electric 

field between the AFM probe and the substrate, initiating an electrolytic reaction within the 

meniscus formed by capillary and electric forces. This process drives hydrogen ions to break Si–

Si bonds—a previously unreported mechanism that enables atomic-scale silicon removal. By 

presenting both the fabrication method and its underlying mechanism, this work provides new 

insights into atomic-scale manufacturing, with potential applications in semiconductor and 

quantum-device fabrication. 

Keywords: Atomic-scale direct writing; Atomic force microscopy; Electric field; Monocrystalline 

silicon; Hydrogen ions 

 

1. Introduction 

Atomic and close-to-atomic scale manufacturing (ACSM) has emerged as a critical enabler of 

future technologies [1,2], driven by the demand for quantum chips, next-generation sensors [3], 

and high-density integrated circuits. Achieving the smallest possible device dimensions and 

highest packing density is essential [4], with atoms functioning as active participants (bits) in 

computation. Beyond improving chip performance, ACSM provides the foundation for quantum 

computing and advanced sensing technologies [5]. Atomic-scale fabrication on monocrystalline 

silicon is therefore crucial to the advancement of semiconductor technologies. 

Despite its importance, true atomic-scale precision remains a major challenge for both research 

and industry. Conventional methods such as wet chemical etching [6] and high-energy plasma 

etching [7] achieve nanoscale accuracy but lack single-atom-layer control. Nanoimprint 

lithography [8] and focused ion beam techniques [9] offer finer resolution but risk subsurface 

damage due to their high-energy processes. Similarly, atomic layer deposition [10] and atomic 

layer etching [11] provide atomically controlled addition or removal, yet their final surface quality 

strongly depends on substrate morphology. A process capable of precise, non-destructive atomic-

scale fabrication on monocrystalline silicon substrates would therefore represent a critical 

breakthrough. 

Tip-based nanofabrication (TBN) shows promise because of its atomic-level resolution, 

relatively simple setup, low cost, and versatility. However, current TBN methods remain limited 
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in atomic-scale silicon removal. For example, hydrogen depassivation lithography (HDL) using 

scanning tunneling microscopy (STM) achieves single-atom precision through electron-stimulated 

desorption of hydrogen from passivated Si(100) surfaces [12], but it cannot remove substrate 

atoms. Lyo and Avouris [13] demonstrated single-atom ejection from a Si(111)-7 × 7 surface using 

STM, though this surface is less technologically relevant than Si(100). Mechanical methods such 

as tip-based milling [14,15] and ultrasonic vibration-assisted machining [16] struggle with atomic-

scale control because interlayer energy thresholds are similar, often leading to defects. Qian et al. 

[17] achieved subnanometer removal on monocrystalline silicon using a 1.25 μm-radius silica 

probe, but probe wear reduced precision. Local anodic oxidation (LAO) creates oxide patterns but 

does not directly remove silicon [18,19]. These techniques demonstrate important progress, yet 

atomic-scale manufacturing of monocrystalline silicon remains an unsolved challenge [4]. 

In this work, we demonstrate an electric-field-induced Si–Si bond-breaking mechanism for 

atomic-scale manufacturing. Density functional theory (DFT) simulations (Section 2.2) and atomic 

force microscopy (AFM) experiments (Section 2.3) confirm the mechanism theoretically and 

experimentally, while in situ focused ion beam–transmission electron microscopy (FIB-TEM) 

(Section 2.4) verifies subsurface lattice integrity. Building on these insights, we developed a novel 

atomic-scale direct-writing (ADW) technique that opens new fabrication pathways for next-

generation semiconductor technologies. 

2. Theory 

2.1. Assumption 

Hydrogen plays a central role in monocrystalline silicon surface modification, as evident from 

established passivation techniques in photovoltaics [20], microelectronic devices [21], and 

transistors [22]. Plasma or thermal processing introduces hydrogen atoms that neutralize dangling 

bonds, reducing surface-state density. DFT calculations by Wu et al. [23] indicate that an external 

electric field can lower the energy barrier for hydrogen incorporation. Given that the Si–H bond 

energy (376 kJ·mol−1) is greater than the Si–Si bond energy (226 kJ·mol−1) [24], it is hypothesized 

that under sufficiently strong external electric fields, hydrogen ions may not only passivate surface 

atoms but also disrupt subsurface Si–Si bonds, potentially enabling ionic dissolution or volatile 

hydride formation. Experimental validation of this hypothesis would provide a new pathway for 

atomic-scale silicon patterning. 

2.2. Simulation analysis 

To test the hypothesis, we performed first-principles molecular-dynamics simulations under 

electric fields spanning six orders of magnitude (10−8–10−2 atomic units; 1 a.u. = 5.14 × 1011 V·m−1) 

to determine the threshold for the interaction-regime transition. The computational model, 

illustrated in Fig. 1(a), comprised hydrogen-passivated Si(100) (H atoms: white; Si atoms: yellow) 

with three-dimensional (3D) periodic boundary conditions (black boxes). A 20 Å vacuum layer 

was included to minimize spurious interactions across periodic images. Hydrogen ions were 

introduced via surface adsorption. After evaluating multiple adsorption sites, the lowest-energy 

configuration was used. Simulations employed a 1 fs time step for a total duration of 0.5 ps. 

The simulations reveal two distinct regimes. Below 10−4 a.u., hydrogen ions preferentially 

interact with surface hydrogen atoms, forming stable H2 molecules (Figs. 1(b) and (c)). Above this 

threshold, hydrogen penetrates and cleaves subsurface Si–Si bonds, producing SiH3 via SiH2 

intermediates (Figs. 1(d) and (e)), which indicates atomic-scale removal. The bond-breaking 
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dynamics are visualized in Figs. 1(f)–(l) and Movies S1–S7(simulation parameters are provided in 

Appendix A). 

 
Fig. 1. Schematic illustration and first-principles molecular-dynamics simulation results of 

hydrogen-ion reactions on a hydrogen-terminated monocrystalline silicon surface under varying 

electric-field intensities. (a) Model setup of an AFM probe applying an electric field to the silicon 

surface. (b, c) When the electric-field intensity is below 10−4 a.u., hydrogen ions combine with 

surface hydrogen atoms to form H2 molecules, leaving Si–Si bonds intact. (d, e) In contrast, when 

the electric-field intensity exceeds the critical threshold (＞10−4 a.u.), hydrogen ions penetrate 

deeper, inducing subsurface Si–Si bond breakage. (f–i) Molecular-dynamics snapshots  confirm 

no silicon removal below the threshold, whereas (j–l) snapshots demonstrate atomic-scale silicon 

removal upon surpassing the threshold, highlighting the role of electric-field-enhanced hydrogen 

interactions in atomic-scale material removal.  

2.3. Experimental validation 

Single-point fabrication experiments were performed using AFM to validate the simulation 

predictions. The AFM is capable of ① generating intense localized electric fields up to 

~109 V·m−1 with a nanoscale probe (tip radius ≈ 25 nm) [25], and ② spontaneously forming a 

water meniscus (Fig. 2(a)) via capillary forces and electrostatic attraction [26]. This meniscus 

functions as a nanoscale electrochemical cell for hydrogen-ion formation, enabling the reaction 

under ambient conditions and simplifying the experimental setup. 

We used p-type, ⟨100⟩-oriented monocrystalline silicon wafers (10 mm × 10 mm, resistivity 

0.001 Ω·cm) mounted on a conductive holder. A platinum–iridium (Pt–Ir)-coated probe (SCM-

PIT-V2, Bruker, United States) with a spring constant of 3 N·m−1 was selected for its conductivity 
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and reported catalytic activity toward water dissociation [27], which enhances local production of 

reactive hydrogen species. Experiments were carried out at room temperature (22 ± 2 °C) with 

~40% relative humidity to ensure stable water meniscus formation. 

Measurements used a ramp-and-hold operation on a Dimension Icon (Bruker) AFM to minimize 

mechanical interference. As illustrated in Fig. 2(b), a 50 ms voltage ramp was applied after 

establishing stable tip-sample contact. Biases ranged from 0 to ±9 V applied to the sample. Under 

negative bias (0 to −9 V), an ~0.9 nm-deep etched pit with smooth edges was observed (Figs. 2(c) 

and (d)), excluding mechanical indentation as the formation mechanism. A pronounced current 

surge occurred beyond −5 V, with current levels substantially higher than those under positive bias 

(Fig. 2(e)). By contrast, positive bias (+9 V) produced a 0.5 nm surface protrusion while 

maintaining picoampere-level currents during scanning. 

 

Fig. 2. Single-point nanofabrication experiments using AFM. (a) Experimental schematic showing 

the AFM probe, silicon substrate, and water meniscus. (b) Time-resolved probe force (black) and 

applied bias voltage (blue) during fabrication. (c) Topographical AFM image showing a smooth 

~0.9 nm etched pit formed under negative bias (0 to −9 V) and a ~0.5 nm oxidation protrusion 

under positive bias (0 to +9 V). (d) Corresponding cross-sectional profile (dashed line A–A in Fig. 

2(c)) quantifying feature dimensions. (e) Current-voltage curves showing a current increase 

exceeding 100 pA during etching at negative bias (≤ −6 V), while currents remain below 10 pA 

under positive bias. 

 

These results indicate two distinct electrochemical pathways depending on bias polarity. Under 

positive sample bias (Fig. 3(a)), the process follows conventional LAO mechanisms: applied 

voltage dissociates water in the meniscus to produce oxyanions (OH− and O−) that oxidize the 

silicon substrate. This self-limiting oxide growth explains the observed picoampere currents. 

Under negative sample bias (Fig. 3(b)), water electrolysis under strong electric fields proceeds 

with reversed polarity: oxyanions migrate toward the Pt–Ir tip and participate in oxygen evolution 
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reactions (OER) while hydrogen ions accumulate at the silicon surface. These H+ species not only 

drive hydrogen evolution reactions but also chemically react with the silicon lattice, producing 

etching. The concurrent cathodic and anodic reactions account for the significantly enhanced 

currents observed at comparable negative biases. These experimental observations are in good 

agreement with the DFT predictions and the known characteristics of meniscus electrochemistry. 

 
Fig. 3. Distinct electrochemical pathways under (a) positive sample bias and (b) negative sample 

bias. 

 

2.4. Subsurface microstructural characterization 

Subsurface microstructural characterization was performed using in situ FIB-TEM to evaluate 

the structural integrity of etched features. For optimal characterization, line-type etch patterns 

(rather than point pits) were generated specifically to facilitate FIB milling and lamella preparation; 

the lamella plane was cut perpendicular to the etch lines to maximize visualization of subsurface 

features. These linear features were produced with the same AFM in peak-force tapping (PFT) 

mode, yielding two parallel grooves with depths of 0.8 and 1.6 nm (detailed AFM topography and 

processing parameters are provided in Appendix A). 

Figs. 4 and 5 show cross-sectional high-resolution TEM images of the etched profiles. Well-

defined depressions are resolved on the pristine silicon substrate, with measured depths 

corresponding to 1.6 nm (six periods, Fig. 4(d)) and 0.8 nm (three periods, Fig. 5(d)), where each 

period comprises two atomic planes. These experimental measurements agree with theoretical 

predictions (0.81 and 1.63 nm, respectively) based on the Si(100) interplanar spacing of 1.36 Å. 

During sample preparation, a protective Pt layer was deposited, causing a minor surface 

amorphization (∼2 nm thick). Importantly, this amorphous layer was uniform across both etched 

and unetched regions, preserving the original etch profile. 

The TEM analysis confirms that the silicon lattice beneath the etched regions retains long-range 

crystallographic order, supporting the non-destructive nature of the etching technique. 
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Fig. 4. Cross-sectional TEM characterization of 1.6 nm-deep etched features. (a) TEM image of 

the etched profile. (b) Lower-magnification overview TEM image of the etched region. The yellow 

square indicates the area where the image in (a) was acquired. (c) TEM image of the maximum 

etch depth area showing well-resolved atomic columns and a defect-free subsurface structure. (d) 

Magnified view of the etch edge for depth measurement, showing an etch depth of approximately 

6 periods of the atomic column contrast where each period corresponds to two atomic planes. 

 

Fig. 5. Cross-sectional TEM characterization of 0.8 nm-deep etched features. (a) TEM image of 

the etched profile. (b) Lower-magnification overview TEM image of the etched region. The yellow 

square indicates the area where the image in (a) was acquired. (c) TEM image of the maximum 

etch depth area showing well-resolved atomic columns and a defect-free subsurface structure. (d) 
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Magnified view of the etch edge for depth measurement, showing an etch depth of approximately 

3 periods of the atomic column contrast where each period corresponds to two atomic planes. 

3. ADW method 

The finding that electric-field-enabled hydrogen ions can disrupt Si–Si bonds led to an ADW 

technique. ADW achieves atomic-scale material removal from monocrystalline silicon by 

scanning negatively biased samples in ambient conditions with a conductive AFM probe. 

The ADW process uses a Pt–Ir-coated probe for two reasons: ① electrical conductivity and 

chemical stability, and ② catalytic activity that promotes OER at the cathode, thereby sustaining 

local hydrogen-ion production. 

We selected an AFM platform for ADW because of its ultrahigh spatial resolution and cost-

effectiveness [28]. The platform also spontaneously forms a nanoscale water meniscus at room 

temperature [29], enabling electrochemical reactions in ambient conditions. Unlike vacuum-

dependent techniques (e.g., HDL), ambient ADW reduces experimental complexity and cost while 

increasing practicality. 

ADW is compatible with multiple AFM modes, including contact, tapping, and PFT modes. 

Each mode meets the structural requirements for ADW while offering distinct advantages in 

precision and adaptability. We used PFT mode because ① it minimized lateral forces to avoid 

mechanical-abrasion artifacts, and ② its precise contact control outperforms traditional tapping 

mode for reliable atomic-scale removal. 

To demonstrate ADW capability, we performed a comparative experiment by sequentially 

applying ADW (sample biases: −3, −6, −7, and −9 V) and LAO (+6 and +9 V) over a 1 μm × 1 μm 

area in PFT mode (2 μm·s−1 scan speed), followed by a 1.4 μm × 1.4 μm characterization scan 

(Figs. 6(a) and (b)). 

The current distribution during processing (Fig. 6(c)) reveals that LAO currents were below the 

instrument detection limit (0.1 pA [25] vs. 1 pA sensitivity)—several orders of magnitude lower 

than the nA-level currents observed during ADW. This large contrast is highlighted in the 

topography of the processed area in Fig. 6(d), where positive bias (+6 and +9 V) produced 

characteristic anodic-oxide protrusions (red dashed box). The overall contrast highlights the 

fundamental difference between these meniscus-assisted processes and establishes experimental 

criteria to distinguish hydrogen etching from oxidation regimes. 

The ADW region (blue dashed box in Fig. 6(d)) exhibited progressive etching: measurable 

current at −6 V preceded observable etching (0.3 nm depth) at −7 V, ultimately reaching ~2 nm 

depth at −9 V. Three findings confirm a non-mechanical removal mechanism: ① PFT mode 

applies nN-scale normal forces with negligible lateral forces, precluding mechanical abrasion; ② 

post-processing analysis showed no pile-up or silicon debris on the probe tip (Fig. 6(e)); and ③ 

the results reproduce the single-point phenomena reported in Section 2.3, supporting a consistent 

mechanism. 
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Fig. 6. ADW and LAO experimental processes and results on a silicon surface. (a) Diagram of 

scan directions and processing/measurement areas. (b) Sample-bias configuration, showing 

positive (LAO) and negative (ADW) voltage regimes. (c) Current distribution in the processing 

area. (d) Topography of the processed area, illustrating adjacent ADW and oxidation zones. Etch 

depths of 0.3 and 2.0 nm and oxidation heights of 0.3 and 0.8 nm are labeled, confirming the 

influence of sample bias on processing behavior. (e) SEM images of the probe pre- and post-

processing, showing no material adhered to the probe, which indicates that material removal is not 

due to a cutting mechanism. 

A notable discrepancy exists between the theoretically predicted electric-field threshold and the 

experimental ADW threshold. Analytical models [25] and finite element simulations [30] indicate 

that a 1–10 V potential produces an electric field of ~109 V·m−1 at the tip—well above the 

theoretically threshold of 10−4 a.u. from Section 2.2—yet the actual experimental etching threshold 

reaches −7 V. This inconsistency suggests uncharacterized activation barriers. Future work will 

address cross-scale modeling, spatiotemporal characterization of etching products, and other 

challenges needed to fully elucidate the ADW mechanism. 

4. Conclusions 

This study demonstrates ADW, an ambient-condition AFM-based technique that achieves 

atomic-layer precision machining of monocrystalline silicon via electric-field-assisted hydrogen 

mediation. Combining first-principles simulations with experimental validation, we identify a 

novel mechanism in which localized AFM-generated electric fields drive hydrogen ions to cleave 

subsurface Si–Si bonds, enabling debris-free, subnanometer-precision etching. The principal 

findings are: 
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(1) A previously unreported reaction pathway in which critical electric fields (> 10−4 a.u.) permit 

hydrogen ions to disrupt Si–Si bonds and produce atomic-scale material removal. 

(2) Negative sample-bias voltages induce nA-level currents associated with silicon etching, 

whereas positive sample-bias voltages yield pA-level currents and oxide protrusions via LAO. 

(3) Pt–Ir-coated probes facilitate sustained hydrogen-ion supply through catalytic water 

dissociation, a factor essential to ADW operation. 

The discrepancy between the theoretical electric-field threshold (10−4 a.u.) and the experimental 

bias threshold (−7 V) suggests the presence of uncharacterized activation barriers; resolving these 

will require detailed studies of the reaction dynamics and cross-scale modeling. Integrating ADW 

with automated, feedback-driven AFM control (e.g., artificial intelligence (AI)-assisted or 

algorithmic automation) offers a promising route toward scalable atomic and ACSM, advancing 

Feynman’s vision of engineered precision “at the bottom.” 

 

Appendix A. Supplementary data 

The following are the Supplementary data to this article: 

Movie S1. First-principles dynamics simulations under electric field intensities of 10−8 a.u. 

(MOV) 

Movie S2. First-principles dynamics simulations under electric field intensities of 10−7 a.u. 

(MOV) 

Movie S3. First-principles dynamics simulations under electric field intensities of 10−6 a.u. 

(MOV) 

Movie S4. First-principles dynamics simulations under electric field intensities of 10−5 a.u. 

(MOV) 

Movie S5. First-principles dynamics simulations under electric field intensities of 10−4 a.u. 

(MOV) 

Movie S6. First-principles dynamics simulations under electric field intensities of 10−3 a.u. 

(MOV) 

Movie S7. First-principles dynamics simulations under electric field intensities of 10−2 a.u. 

(MOV) 
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