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Abstract:
Objective Refractory metal tungsten, particularly single crystal tungsten, serves as a critical material for high-
performance field emission cathodes, which are core components in advanced electron microscopes and electron
beam lithography systems. The fabrication of single crystal tungsten microtips with precisely controlled
geometry and surface cleanliness remains a significant challenge, especially for applications requiring tip radii
ranging from sub-100nm for cold field emission to 0.3—-1.0 pm for Schottky-type thermal field emission.
Currently, the domestic development of high-end electron microscopes in China faces a major bottleneck due to
heavy reliance on imported field emission cathodes. Electrochemical corrosion, the mainstream method for tip
preparation, suffers from limitations such as difficulty in cutoff timing control, susceptibility to tip bending or
passivation, residual surface impurities, and low yield rates. Moreover, the anisotropic nature of single crystal
tungsten introduces additional complexity in morphology control. This study aims to establish a controllable
fabrication method for single crystal tungsten tips, enabling tailored geometry and surface quality to meet
demanding requirements of different field emission applications while significantly improving fabrication yield.

Methods Single crystal tungsten wires (diameter 0.12 mm, purity 99.95%, (100) orientation) were used as the
starting material. The tips were first pre-shaped by electrochemical corrosion in 1 mol/L NaOH solution under
a 10 V DC voltage with pulsed control (6 kHz, 100 us pulse width) for 10 min. Following corrosion, the tips
underwent surface cleaning by sequential immersion in ultrapure water and anhydrous ethanol, followed by
drying with high-purity nitrogen. Subsequently, the samples were placed in an ultra-high vacuum system (base
pressure < 1 x 107° Pa) and subjected to high-temperature oxygen treatment. Process parameters were
systematically varied, including temperature (1500-1600 °C), oxygen flow rate (0.015-1.0 sccm), and treatment
duration (5-1440 min). During treatment, high-purity oxygen was introduced while maintaining vacuum levels

better than 10 * Pa. Tip morphologies were characterized by scanning electron microscopy, and surface
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compositions were analyzed by energy dispersive X-ray spectroscopy. Geometric parameters, including half-cone
angle and tip radius, were measured following standardized protocols.

Results and Discussions The combination of electrochemical corrosion and high-temperature oxygen treatment
enabled both effective surface purification and controlled morphological reconstruction. Scanning electron
microscopy characterization revealed distinct evolutionary pathways depending on oxygen partial pressure (Fig.
3, Fig. 4). Under oxygen-rich conditions (1.0 sccm, 1500-1600 °C), the tips underwent “blunting
reconstruction,” evolving from an initial inverted cone into a characteristic “cylindrical segment +
hemispherical cap” structure (Samples 2-5, Table 2). For Sample 3 treated at 1500 °C for 10 min, the tip
radius increased to 327 nm with a half-cone angle reduction of 21%; for Sample 4 treated for 15 min, further
evolution occurred with tip radius decreasing to 275 nm and cylindrical segment height increasing substantially.
With increasing temperature from 1500 °C (Sample 2) to 1600 °C (Sample 5), the half-cone angle change rate
increased from 11% to 25%, while tip radius decreased from 380 nm to 172 nm, indicating accelerated kinetics.
This anisotropic behavior is attributed to orientation-dependent surface energies of tungsten and preferential
oxidation along specific crystallographic planes. Under oxygen-lean conditions (0.015 sccm, 1500 °C, 1440 min),
“sharpening reconstruction” occurred, with tip radius decreasing dramatically from 143 nm to 28 nm and half-
cone angle reducing from 8° to 1° (Sample 6). In contrast, treatment in vacuum at 1500 °C primarily removed
surface contaminants without altering tip geometry (Sample 1). EDS analysis confirmed that treated surfaces
were free from impurities other than trace carbon contamination (Table 3), demonstrating the dual
functionality of the process in achieving both purification and reconstruction. The findings reveal that oxygen
partial pressure serves as the key determinant of reconstruction direction, with oxygen-rich conditions favoring
blunting and oxygen-lean conditions promoting sharpening.

Conclusions A combined process of electrochemical corrosion followed by high-temperature oxygen treatment
was successfully developed for the controllable fabrication of single crystal tungsten field emitter tips. The
process achieves dual functionality: effective surface purification through high-temperature vacuum treatment,
which removes residual surface contaminants from electrochemical corrosion, and controlled morphological
reconstruction enabled by the introduction of oxygen under precisely regulated conditions. By systematically
adjusting process parameters including treatment temperature, oxygen flow rate, and treatment duration, tip
morphology and dimensions can be tailored to meet specific application requirements. The oxygen partial
pressure plays a decisive role in determining the reconstruction pathway. Under oxygen-rich conditions (e.g.,
1500 °C, 1.0 sccm), blunting reconstruction yields a “cylindrical segment + hemispherical cap” structure ideally
suited for Schottky-type thermal field emission cathodes requiring tip radii between 0.3 pm and 1.0 pm. Under
oxygen-lean conditions (e.g., 1500 °C, 0.015 sccm), sharpening reconstruction produces nanoscale sharp tips
with tip radius as low as 28 nm, suitable for cold field emission cathodes and scanning tunneling microscope
probes. This anisotropic reconstruction mechanism is explained by the selective reaction of oxygen atoms with
different tungsten crystal planes under high-temperature conditions, where the formation of volatile oxides
modifies local surface energy distribution and promotes the exposure of specific crystallographic planes. Control
experiments confirmed that such morphological reconstruction does not occur under oxygen-lean or oxygen-free
conditions at the same temperatures, further demonstrating the critical role of oxygen in triggering this process.
Importantly, this approach provides an effective method to correct imperfections from the initial
electrochemical corrosion step, significantly improving fabrication yield and process robustness, thereby offering
a viable technical pathway for the domestic fabrication of high-performance field emission cathodes.

Key words: Single-crystal tungsten tip; Electrochemical etching; Tungsten oxide; High-temperature oxidation
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