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The continuous miniaturization of electronic circuits and devices requires robust and cost-effective 

manufacturing solutions capable of sub-micron resolution. Electron beam lithography (EBL) is an 

established technique used to define nanometer features in a thin resist layer; however, EBL is expensive 

and can be inconsistent when pushing the limits of resolution without proper control over the environment.  

 

In previous papers, we have demonstrated selective etching of carbon materials using an environmental 

scanning electron microscope (ESEM) operating in low pressure mode and using aggressive scanning 

conditions [1,2]. In this study, we use this technique as an alternative to the traditional EBL protocol. The 

technique bypasses the post-exposure developing step and provides immediate feedback relative to pattern 

fidelity. The process utilizes a low-pressure water vapor environment (10 Pa) within the ESEM and 

relatively long point dwell times (>1 ms). The electron beam interacts with the water vapor above the 

PMMA resist layer and causes a localized reaction zone that produces a variety of chemical species 

including hydroxyl radicals [3]. We hypothesize that these reactive species are the driving force in PMMA 

‘etching’. Control of the concentration, confinement, and total population of hydroxyl radicals must be 

achieved for this method to be a viable substitute for EBL or any other patterning methods. 

 

Herein, we investigate the effect of electron dose and acceleration voltage on material removal rate. A 50 

nm PMMA layer was applied to undoped silicon substrates. A FEI Quanta 650 ESEM utilized Nano-

Pattern Generation System control software for beam control and environment pressure regulation. A 30 

µm diameter aperture and 10 Pa chamber pressure were held constant for all experiments. The Spot Size 

was also held constant at 5.0. The acceleration voltage was varied between 5 kV, 10 kV, and 30 kV, while 

electron line dose was varied between 30,000 nC/cm and 1,500 nC/cm.  

 

Representative patterns are presented in Figure 1. These images depict 1x10 µm boxes that were etched 

by the aforementioned method at various electron doses. The lowest beam energy (5 keV) generated more 

efficient results for all dose levels, as defined by complete etching of the pattern to the silicon support. 

The chemical etching rate is expected to be directly proportional to reactive chemical availability, while 

pattern resolution is determined by the local concentration gradient in the vicinity of the beam. Figure 2 

provides a simple graphic designed to depict how increased beam acceleration voltage increases the 

diameter of the “skirting” region of reactive species due to increased electron momentum during 

radiolysis. Higher acceleration voltage creates a more dramatic skirting effect, pointing to a larger radial 

distribution of hydroxyl radicals with a smaller concentration near the axis of the beam as predicted by 

[3]. The etching rate is approximately 0.003 µm3/sec and 0.005 µm3/sec for 5 keV and 10 keV acceleration 

voltages, respectively. It should be noted that the 10 keV e-beam needed twice the line dose than the 5 

keV e-beam to mill through the PMMA (18,000 to 9,000 nC/cm respectively).  Therefore, even though 

10 keV exhibited a faster etch rate, the damage to the surrounding area could lead to a loss of resolution. 

At 30 keV, patterns did not penetrate to the substrate despite increased electron energy. This result is 

consistent with the mechanism proposed in Figure 2, whereby the skirting diameter increases, and local 

reactive concentration decreases.  



 

We have shown that reactive species created by electron beam-water interactions provide an efficient 

mechanism for EBL without the need for additional pattern development after beam exposure. An etching 

rate of 0.003 µm3/sec and 0.005 µm3/sec was observed for 5 keV and 10 keV beam energies, respectively. 

With further investigation, we intend to determine the resolution limit of the technique and increase 

etching rate such that pattern generation is comparable with conventional EBL.  
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Figure 1.  All images depict the pattern results of 8 rectangle each 1x10 µm with varying doses for each 

rectangle. The dose for each rectangle ranges from 30,000 nC/cm2 (top) to 9,000 nC/cm2 (bottom).  The 

acceleration voltages used were 30 keV (a), 10 keV (b) and 5 keV (c). (Circles in each pattern are due to 

a leaky beam blanker) 

 

 
 

Figure 2.  Graphical depiction of reactive species skirting.  
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