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Variable-pressure electron-beam lithography (VP-EBL) employs an ambient gas at sub–

atmospheric pressures to reduce charging during electron-beam lithography. VP-EBL has been 

previously shown to eliminate pattern distortion and provide improved resolution when patterning 

PMMA on insulating substrates. However, it remains unknown how water vapor affects the 

contrast and clearing dose, nor has the effect of water vapor on the negative–tone behavior of 

PMMA been studied. In addition, water vapor was recently shown to alter the radiation chemistry 

of the VP-EBL process for Teflon AF. Such changes in radiation chemistry have not been explored 

for PMMA. In this work, VP-EBL was conducted on conductive substrates to study the effect of 

water vapor on PMMA patterning separately from the effects of charge dissipation.  In addition, 

both positive and negative tone processes were studied to determine the effect of water vapor on 

both chain scission and cross-linking. The contrast of PMMA was found to improve significantly 

with increasing water vapor pressure for both positive and negative tone patterning.  The clearing 



dose for positive tone patterning increases moderately with vapor pressure as would be expected 

for electron scattering in a gas.  However, the onset set dose for negative tone patterning increased 

dramatically with pressure revealing a more significant change in the exposure mechanism. X-ray 

photoelectron spectra and infrared transmission spectra indicate that water vapor only slightly 

alters the composition of exposed PMMA. Also, electron scattering in water vapor yielded a much 

larger clear region around negative-tone patterns. This effect could be useful for increasing the 

range of the developed region around cross-linked PMMA beyond the backscattered electron 

range. Thus, VP-EBL for PMMA introduces a new means of tuning clearing/onset dose and 

contrast, while allowing additional control over the size of the cleared region around negative-tone 

patterns. 

I. INTRODUCTION 
 

Electron beam irradiation is a versatile method of modifying materials and forms the bases 

for electron-beam lithography of both organic and inorganic resists.1–18 Poly (methyl 

methacrylate), PMMA, is the most widely used electron-beam resist due to its high resolution and 

stability.19  It is well known that upon electron beam irradiation at lower exposure doses, PMMA 

acts as a positive resist due to chain scission of the polymer.  At higher exposure doses both cross-

linking and compositional changes in PMMA produce to negative-tone resist behavior.20–24  

Variable-pressure electron-beam lithography (VP-EBL) employs an ambient gas at sub–

atmospheric pressures to reduce charging during electron-beam lithography. Previous work 

demonstrated that VP-EBL can eliminate distortion and improve resolution when patterning 

PMMA on insulating substrates25. However, it remains unknown how water vapor pressure affects 

the contrast and clearing dose, nor has anyone studied the effects of water vapor pressure on the 

negative–tone behavior of PMMA. In addition, water vapor was recently shown to alter the 



radiation chemistry of the VP-EBL process for Teflon AF, an amorphous fluorinated polymer that 

can function as a positive or negative resist.26 Such changes in radiation chemistry have not been 

explored for VP-EBL of PMMA.  

In this work, through systematically studying the effect of water vapor pressure on both 

the positive and negative tone behavior of PMMA, we show that water vapor alters both the 

sensitivity and contrast of PMMA for both positive- and negative- tone processes. We find that 

water vapor only slightly changes the composition of exposed PMMA, and thus hypothesize that 

changes in sensitivity and contrast are associated with changes in distributions of molecular 

weight.  We also show that the skirting effect of forward scattering of electrons in the water vapor27 

can control the size of the cleared region around negative tone patterns providing an alternative to 

large area positive tone writing.  

 

II. EXPERIMENTAL  

A. Spin Coating 

PMMA (950 K molecular weight, MicroChem Corp.) was diluted using Anisole 

(MicroChem Corp.) to make 4 wt.% solution. The PMMA solution thus prepared was spin-coated 

onto a n-type <100> silicon substrate at 500 rpm for 5 seconds to give a uniform layer and then 

spun at 4000 rpm for 1 minute to set the desired thickness. Next, the spin-coated Si substrate was 

heated on a hot plate at 180ºC for 120 seconds to remove any residual solvent. Ellipsometry (M-

2000, J. A. Woollam Co. Inc.) was used to measure the film thickness of the spin-coated PMMA 

film. 

 

B. Variable-Pressure Electron Beam Lithography process 



An ELPHY Plus pattern generator (Raith GmbH) coupled with FEI environmental 

scanning electron microscope (Quantum FEG 250) with a fast beam blanker was used for VP-EBL 

process. The analytical working distance of 10 mm and beam energy of 30 keV was used for all 

lithographic processes. A faraday cup and a pico-ammeter (Keathley 6487) were used for the beam 

current measurements under high vacuum conditions prior to each lithographic exposure. Gold 

nanoparticles deposited onto PMMA were used for focusing and as marker during patterning.  

For the positive tone process, 20 μm x 100 μm rectangular structures were exposed under 

high vacuum and water vapor (0.1 mbar, 1 mbar, 3 mbar and 10 mbar) with areal exposure dose 

ranging from 10 – 300 μC cm-2 with a step size of 12.8 nm and beam current of 93 pA. An electron 

beam energy of 30 keV was chosen to reduce beam scattering in both the water vapor and resist, 

as well as to distribute backscattering to the largest range possible.28 Each adjacent rectangle was 

given a 20 μm spacing to minimize proximity effects from backscattering. The exposed film was 

developed in 1:3 MiBK: IPA for 60 seconds at 18 ̊ C followed by 30 seconds IPA rinse. Thickness 

measurements of the resulting resist surface were conducted using a Dektak 6M (Veeco, Inc.) 

surface profiler. 

For the negative tone process, first an array of single-pixel dots were exposed from 60 fC 

– 9 pC under high vacuum and water vapor (0.1 mbar, 1 mbar, 3 mbar and 10 mbar) to estimate 

the onset areal dose. Then an array of 20 rectangles (5 μm x 50 μm) was exposed under the same 

conditions with an areal exposure dose from 1 – 40 mC cm-2 with a 12.8 nm step size and a beam 

current of 414 pA. The film was developed in 1:2 MiBK: IPA for 60 seconds at 18 ̊ C followed by 

30 seconds IPA rinse. 1:2 MiBK: IPA is typically used in the negative tone process to provide a 

slightly larger cleared area.21 Additional features, numbers with arrow signs exposed at 20 mC cm-

2, were included close to the desired pattern and were used as markers for atomic force microscopy 



(AFM) measurements. For thickness measurements, AFM was performed using JPK Nanowizard 

4 equipped with standard silicon cantilevers with pyramidal tips.   

For the positive tone process, samples for Fourier-transform infrared (FTIR) spectroscopy 

were prepared by exposing 200 μm x 200 μm rectangular structures under high vacuum and water 

vapor (0.1 mbar, 1 mbar, 3 mbar and 10 mbar) with areal exposure doses of 100 μC cm-2 and 175 

μC cm-2 using a step size of 12.8 nm and beam current of 110 pA. Two different doses were chosen 

to accommodate the clearing dose for all vapor pressures. For the negative tone process, samples 

were prepared for FTIR spectroscopy by exposing 250 μm x 250 μm rectangular structures under 

high vacuum and 1 mbar water vapor with areal exposure doses of 15 mC cm-2 and 40 mC cm-2 

using a step size of 12.8 nm and beam current of 5.9 nA. The beam current and structure size varied 

between experiments to keep exposure times to a reasonable duration. The difference in beam 

current used for FTIR samples for the positive tone patterns arises from small changes in beam 

current over the course of the study. The experimental conditions are tabulated in Table 1. 

  



Table 1 Experimental conditions 

 Chamber 

pressure 

Beam 

Current (nA) 

Exposure Dose 

(mC cm-2) 

Pattern 

size 

Developer 

Positive tone Vacuum and 
0.1 – 10 mbar 
water vapor 

0.093 0.01 – 0.3 20 µm x 

100 µm 

1:3 MiBK: 

IPA 

Negative 

tone 

Vacuum and 
0.1 – 10 mbar 
water vapor 

0.414 1 – 40 5 µm x  

50 µm 

1:2 MiBK: 

IPA 

FTIR Positive 
tone 

Vacuum and 
0.1 – 10 mbar 
water vapor 

0.110 0.1 and 0.175 200 µm x 

200 µm 

No 

development 

XPS and FTIR 

Negative tone 

Vacuum and 

1 mbar water 

vapor 

5.9 15 and 40 250 µm x 

250 µm 

1:2 MiBK: 

IPA 

 

C. X-ray photoelectron spectroscopy  

A Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer was used for surface 

analysis.  X-ray photoelectron spectroscopy (XPS) was performed on as-coated PMMA samples 

and samples exposed at high doses under high vacuum and under 1mbar water vapor.  An areal 

exposure dose of 40 mC cm-2 was used for patterning XPS samples. In both cases, we sputter the 

surface of the PMMA with argon ions to remove any adventitious carbon.  Preliminary peak fitting 

was conducted in Thermo Advantage software.  Final fitting was completed using custom Python 

code based on the lmfit module29 which allowed detailed error analysis.  Details of the peak fitting 

strategies for the various samples are provided in Section III.B.4.   

  



 

D. Fourier-transform infrared spectroscopy  

A Thermo Fisher Scientific Nicolet 6700 FTIR spectrometer coupled to an infrared 

microscope was used to acquire the infrared transmission spectra. For the positive tone process, 

measurements were taken for undeveloped samples. For negative tone FTIR spectroscopy, 

measurements were taken both before and after sample development. Larger patterns were exposed 

for samples prepared for FTIR measurements to meet the minimum spot size requirement of the 

instrument. During measurements, the illuminated region was well within the exposed region. 

Transmission spectra were acquired for as-coated PMMA and exposed patterns.  

 

III. RESULTS AND DISCUSSIONS 

PMMA films were spin coated onto silicon substrates and exposed at varying electron-

beam currents, areal doses (charge/area), and water vapor pressures. This work was conducted to 

study the effect of water vapor pressure on both the positive and negative tone behavior of PMMA. 

Contrast curves were obtained to observe changes in the contrast and sensitivity under water vapor. 

SEM (Scanning Electron Microscopy), XPS analysis, and Fourier-transform infrared spectroscopy 

analysis were performed on the exposed patterns before and after development to measure changes 

in surface and chemical composition as a function of exposure conditions.  

 

A. Effect of water vapor on e-beam patterning of PMMA in the 

positive tone process 

The increased solubility of the exposed areas in a developer caused by the degradation of 

PMMA by electron beam makes it a suitable candidate as a positive e-beam resist. Main chain 



scission in PMMA can result from cleavage of the methyl ester side-group to form a polymer 

radical, path (i) in Fig. 1, and has been found to be the major initiator of polymer degradation. The 

cleaved methyl ester side-group then either undergoes further decomposition leading to the release 

of CO, CO2, CH4, CH3OH, etc. or combines with other radicals. This is followed by the 

competitive processes of main chain scission or hydrogen abstraction, paths (ii) and (iv). Hydrogen 

abstraction results in a double bond formation in the main chain or side group. Main chain scission 

can also result from direct action of a primary or secondary electron on a C-C bond shown by path 

(iii) but not been found to be the major initiator of polymer degradation.  

 

1. Positive tone contrast curves 

To study the effect of water vapor pressure on positive–tone behavior, the contrast values 

of the exposed and developed pattern were measured. The positive tone contrast curves, 

normalized residual resist thickness, NRT, vs. areal exposure dose, 𝐷, are plotted for different 

water vapor pressures in Fig. 2. No significant relief pattern before development was observed 

under either high vacuum or water vapor indicating that no direct etching of the PMMA is 

occurring in this dose range. 

 



 

Figure 1. Schematics showing possible reaction paths for radiation damage in PMMA, as 

described in Ref 30–32. Cleavage of the methyl ester group (i) by a primary or secondary 

electron leads to subsequent main chain scission (ii) or C=C bond formation by hydrogen 

abstraction (iv).  Direct action of an electron can also lead to main chain scission (iii).   

 

The dose to clear, 𝐷𝐶, and contrast, 𝛾, in Fig. 3 were obtained by fitting the data in to an 

empirical model of the form33 

NRT = 𝐶0 − 𝑒𝑆(𝐷−𝐷𝐶)   (1) 

where 𝐶0, 𝑆, and 𝐷𝐶 are fitting parameters.  For most cases, 𝐶0 ≈ 1.  𝑆 is a factor that defines how 

sharply the curve changes as a function of dose; and 𝐷𝑐 is the dose to clear.  The contrast, 𝛾, can 

be obtained from33  

𝛾 = ln(10)  𝑆 𝐷𝑐  (2) 



 

 

Figure 2.  Normalized residual resist thickness vs. exposure dose (experimental values) for 

PMMA exposed under high vacuum and water vapor pressures ranging from 0.1 to 10 mbar.   

 

The experimental data and fitted curves for each water vapor pressure are shown in Figure 

3.  Data points not well modeled by Eqn. (1), i.e., those with small or zero residual resist thickness, 

were excluded from the fitting process and are marked by an “×”.  Standard errors of the fitting 

parameters were calculated from the diagonal entries of the covariance matrix.  Table 2 

summarizes the contrast and dose to clear for exposure under high vacuum and each water vapor 

pressure.  Figure 4 plots these parameters vs. water vapor pressure.   

We note that the absolute values for contrast and clearing dose could be affected by 

proximity effects.  The spacing of the features (20 µm) is sufficient that exposure by backscattered 

electrons will have a small effect at 30 keV.  However, forward scattering in water vapor, 

especially at higher pressures, may have a more significant effect.  Danilatos34 showed that the 

beam skirt radius from plural scattering in a gas can be approximated by  



𝑅𝑠 =  364 (
𝑍

𝐸
) (

𝑃

𝑇
)

1
2⁄

𝐿
3

2⁄   (3) 

where a circle of radius 𝑅𝑆, in meters, encompasses 90% of the scattered electrons, 𝑍 is the 

effective atomic number (7.42 for water vapor27) of the scatterer, 𝐸 is the primary electron energy 

in eV, 𝑃 is the pressure in pascals, 𝑇 is the temperature in Kelvin, and 𝐿 is the gas path length in 

meters.  For the conditions considered here, the skirt radius ranges from 16 µm at 0.1 mbar to 160 

µm at 10 mbar.  Clearly, proximity effects arising from gas scattering will alter the measured dose 

to clear for all but the high vacuum and 1 mbar data.   

Upon introducing water vapor, the contrast decreases and then increases steadily with 

increasing water vapor pressure. An empirical line fit of the form γ = α + β ⋅ ln (
𝑃𝐻2𝑂

1𝑚𝑏𝑎𝑟
) with 

α = 6.9 ± 0.06 and β =  0.50 ± 0.03 indicates that there is a statistically significant increase 

in contrast with water vapor pressure as shown in Figure 4(a).  Thus, the transition of the exposed 

region from insoluble to soluble in a developer solution is found to be sharper with increasing 

water vapor pressure.  This change in differential solubility of the exposed PMMA could arise 

from changes in chemical composition or from changes in the molecular weight distribution as 

discussed in Section III.A.2 below.  The increase in dose to clear with water vapor pressure is 

shown in Figure 4(b).  The dose to clear increases sharply beyond 3 mbar.  This reduction in 

sensitivity could be simply the result of electron scattering in the water vapor35 or could be 

related to changes in composition or molecular weight in the exposed PMMA as discussed 

below.  



 

Figure 3.  Fitted normalized resist thickness vs. exposure dose for each water vapor pressure 

used during resist exposure. (a) High vacuum; (b) 0.1 mbar; (c) 1 mbar; (d) 3 mbar and (e) 10 

mbar.  Data points used for the fit are indicated by a ○ while data points excluded from the fit are 

indicated by an ×.  Dose to clear, 𝐷𝐶, and contrast for each dataset are shown inset.  

Uncertainties represent the standard error of the fitted parameter.   



Table 2. Contrast (γ) and dose to clear (𝐷𝐶) as a function of  
vapor pressure for positive tone exposure of PMMA. 

Chamber 

Pressure 

High 

Vacuum 

0.1 mbar 

water vapor 

1 mbar 

water vapor 

3 mbar 

water vapor 

10 mbar 

water vapor 

Contrast 7.1 ± 0.6 5.9 ± 0.9 6.8 ± 0.6 7.6 ± 0.6 8.1 ± 0.4 

Dose to clear 

(µC/cm2) 
109 ± 1 111 ± 2 110 ± 1 115 ± 1 162 ± 1 

  

 

 

Figure 4.  (a) Contrast as a function of water vapor pressure.  The fitted line and corresponding 

95% confidence bands (gray fill) show the statistically significant increase in contrast with vapor 

pressure.  (b)  Dose to clear as a function of water vapor pressure.  The dose to clear increases 

sharply beyond 3 mbar.  Error bars correspond to standard error of the fitted parameters. 

 



2. Infrared spectroscopy of positive-tone PMMA  

Infrared transmission spectra PMMA exposed under high vacuum and water vapor, as 

well as unexposed PMMA, were obtained to observe any changes in the chemical signature after 

exposure.   Measurements were taken of undeveloped patterns exposed at 100 μC cm-2 and 175 

μC cm-2.  The peaks present in unexposed PMMA and their respective mode assignments from 

infrared transmission data are summarized in Table 3.  

Table 3 Vibrational mode assignments for PMMA from FTIR transmission data 

Wavenumber 

(cm-1) 

 
Modes36,37 

 

3000 C-H 

O-CH3 

Asymmetric stretching 

Asymmetric stretching 

2952 O-CH3 

CH2 

C-CH3 

Symmetric stretching 

Asymmetric stretching 

Symmetric stretching 

1730 C=O Stretching 

1483 CH2 Bending 

1450 C-H Asymmetric bending 

1435 C-H Symmetric bending 

1388 C-H Symmetric bending 

1272, 1242, 

1193 and 

1149 

C-O-C Stretching 

989 O-CH3 Rocking 

842 CH2 Rocking 

750 C-C Stretching 

 



The infrared transmission spectra of PMMA irradiated at 175 μC cm-2 under high vacuum 

and water vapor (0.1 mbar, 1 mbar, 3 mbar and 10 mbar) are compared in Fig. 5 (a). Fig. 5 (b) 

shows infrared transmission spectra of unexposed PMMA and PMMA irradiated at 100 μC cm-2 

under high vacuum and water vapor (0.1 mbar, 1 mbar, 3 mbar and 10 mbar).  In both cases, the 

chemical signature of the irradiated patterns is not significantly altered for the dose range used for 

positive tone patterning. Furthermore, the presence of water vapor does not change the IR-active 

bonding.  In the absence of chemical changes, alteration of the molecular weight distribution of 

the PMMA is the most likely explanation for the effect of water vapor on contrast.   

Detailed studies of molecular weight distributions are beyond the scope of this work; 

however, one can readily identify radiation-chemical mechanisms associated with water radiolysis 

that would alter these distributions.  Water radiolysis in environmental SEM, and subsequent beam 

damage to organic materials, is well established.38–40  Likewise, enhanced etching of carbonaceous 

materials in water vapor has been observed for both electron beam41 and ion beam42–44 based 

processes.  . Consider, for example, H∙ and ∙OH radicals generated by water radiolysis. These 

radicals can abstract hydrogen from unexposed PMMA chains leading to unstable polymer radicals 

and subsequent main chain scission through mechanism (ii) in Fig. 1. Alternatively, these radicals 

can abstract hydrogen from polymer radicals previously generated by methyl ester cleavage.  In 

this case, hydrogen abstraction would stabilize the polymer chain by mechanism (iv).  Thus, 

depending on the relative abundance of polymer radicals and radiolysis products, the process could 

accelerate or slow main chain scission.  Although atomic oxygen is not efficiently generated in 

hydrated samples,38 it is expected in the vapor phase particularly in the presence of low-energy 

secondary electrons.45–47  Atomic oxygen can directly react with PMMA chains to form volatile 

products, e.g. CO2, which would reduce molecule weight.  Complicating matters further, it is also 



possible that the local water concentration is depleted by radiolysis, especially at higher doses.  

The details of how these processes compete to reduce contrast at lower vapor pressures and 

increase contrast at higher pressures are not currently understood.  Establishing the details of the 

process will require extensive experiments and simulations to ascertain the reaction pathways 

along with the reaction rates among polymers chains, polymer radicals, and radiolysis products.  

However, simpler experiments that vary beam current, and thus dose rate, along with dwell and 

refresh times to study water depletion, may increase understanding of the underlying mechanism.   

 

Figure 5.  Infrared transmission spectra of (a) PMMA irradiated at 175 μC cm-2 under high vacuum 

and water vapor (0.1 mbar, 1 mbar, 3mbar and 10 mbar); (b) unexposed (pristine) PMMA and 



PMMA irradiated at 100 μC cm-2 under high vacuum and water vapor (0.1 mbar, 1 mbar, 3mbar 

and 10 mbar) 

 

B. Effect of water vapor on negative-tone patterning of PMMA 

The decreased solubility of the exposed region in developer caused by the cross-linking of 

PMMA at higher exposure doses makes it function as a negative e-beam resist.  Cross-linking 

among polymer chains leads to increased molecular weight of the resist. The widely accepted 

reaction mechanism suggests scission and cross-linking are not independent processes. Cross-

linking occurs at sites that have previously undergone chain scission via path (i) of Fig. 1. The 

C=C bonding occurs at scissioned end groups leading to cross-linking.48 The XPS results discussed 

below also suggest that additional linkages may form through C-O bonding. 

 

Figure 6.  Reaction mechanism for main chain recombination resulting in crosslinking of the end 

groups48. Reproduced with permission from "E.M. Lehockey, I. Reid, and I. Hill, Journal of 

Vacuum Science & Technology A 6, 2221 (1988)." Copyright 1988 American Vacuum Society. 



 

1. Negative tone contrast curves 

Figure 7 shows the contrast curve for high-dose exposure of PMMA. The onset dose 

increases with increasing water vapor pressure. The final cross-linked resist thickness decreases 

with increasing water vapor pressure.  This indicates that water-assisted e-beam induced etching 

of PMMA may significantly contribute to the process at these doses and pressures. The dose range 

used for these experiments was not sufficient to saturate the final resist thickness for 10 mbar water 

vapor exposure.  Therefore, the normalized resist thickness and subsequent curve fitting has not 

been performed on 10 mbar water vapor data.  

 

Figure 7.   Contrast curves for higher exposure dose of array of 20 rectangles (5 μm x 50 μm). The 

exposure dose varied in the range of 1 mC cm-2 to 40 mC cm-2.  

For negative tone patterning, the normalized remaining resist thickness was fitted with an 

empirical model of the form 

NRT = 𝐶0 − 𝑒𝑆(𝐷𝑂−𝐷) (4) 

where the parameters are the same as the model in Eqn. (1) except that 𝐷𝑂 represents the onset 

dose for negative-tone behavior.  The fitted contrast curve for each water vapor pressure is shown 



in Fig. 8 and Table 4 lists the contrast for each pressure.  A drop in contrast, like that observed in 

the positive tone process, at 0.1 mbar water vapor was seen when compared to high vacuum 

exposure. The contrast increases at higher pressures as observed for positive tone behavior.   

The cross-linking onset dose increases approximately linearly with water vapor pressure 

as shown in Fig. 9.  The onset dose for crosslinking increases by a factor of 4 at 10 mbar water 

vapor as compared to high vacuum exposure.   This large, approximately linear shift in onset dose 

is in stark contrast to the relatively small (∼50%) and abrupt increase observed for dose to clear in 

positive tone patterning.  Such a dramatic difference between positive and negative tone behavior 

cannot be explained by simple scattering of electrons in the water vapor.  In the absence of 

compositional changes in the exposed materials, discussed below, these results again suggest that 

water vapor leads to a modification of the molecular weight, and molecular weight distribution, of 

exposed PMMA.   



 

Figure 8 Normalized resist thickness (experimental and fitted) vs. exposure dose as a function of 

water vapor pressure: (a) High vacuum; (b) 0.1 mbar; (c) 1 mbar; and (d) 3 mbar.  Onset dose, 

𝐷0, and contrast, 𝛾, from the fitted model are shown for each water vapor pressure. Data points 

not well modeled by a standard contrast curve are excluded from the fit and indicated by an ×. 

Table 4 Contrast (γ) as a function of vapor pressure for the negative tone behavior 

Chamber 

Pressure 

High 

Vacuum 

0.1 mbar 

water vapor 

1 mbar 

water vapor 

3 mbar 

water vapor 

Contrast 
(γ) 6.5 ± 0.4 5.5 ± 0.8 6.6 ± 0.5 8.2 ± 1.2 

 



 

Figure 9.   Onset dose for crosslinking as a function of water vapor pressure.  Error bars 

represent standard error of the fit for the contrast curves. 

 

Under vacuum and under water vapor, the thickness of cross-linked PMMA reaches a 

maximum just beyond the threshold for the negative tone behavior. The resist thickness decreases 

with increasing dose beyond threshold for high vacuum and 0.1 mbar water vapor pressure. The 

reduction in the final resist thickness with increasing dose, even in the absence of water vapor, 

suggests that compaction may be occurring at higher doses. In contrast to the positive tone process, 

a reduction in resist thickness was also noted before development at the doses required for negative 

tone behavior. Specifically, at 15 mC cm-2 during the negative tone process under high vacuum 

and 1 mbar water vapor, the PMMA thickness was reduced by 40% before development. 

Topography changes in PMMA before development  upon irradiation has been widely reported in 

literature.8,49–55 The film thickness decrease in the original material depends on the exposure 

method used.  





 
Figure 11 SEM images of patterns exposed in the dose range 1 - 40 mC cm-2 under (a) 0.1 mbar; 

(b) 1 mbar; (c) 3 mbar; and (d) 10 mbar water vapor. Exposure dose increases from left to right.  

 
The threshold for cross-linking increases with increasing water vapor pressure, as is evident 

from the SEM images in Fig. 11. Figure 11 shows the SEM images for the same pattern, as shown 

in Fig. 10, exposed under identical conditions with increasing vapor pressure from (a) to (d). 

Additional features, numbers with arrow signs, seen in these SEM images were used as markers 

for AFM measurements. Other artifacts seen in the SEM images are gold nanoparticles that 

dispersed during development.  Forward scattering in the water vapor yields a much larger clear 



region around the negative-tone pattern with increasing vapor pressure. At higher water vapor 

pressures, the elastic scattering probability increases, thus an increase in the extent of the beam 

skirt with increasing gas scattering is observed.27,56  

This effect could be useful for increasing the range of the developed region around cross-

linked PMMA far beyond the backscattered electron range. Moreover, the range can be easily 

tuned by varying the water-vapor pressure. Thus, scattering in the water vapor can control the size 

of the cleared region around negative tone. This is advantageous compared to large area positive 

tone exposures around the negative tone pattern or attempting to control the size of the positive 

tone region by pre-exposure treatments such as vacuum drying.57    

3. Infrared spectroscopy of negative-tone PMMA  

Infrared transmission spectra were obtained for patterns irradiated at 15 mC cm-2 and 40 

mC cm-2 under high vacuum and 1 mbar water vapor to better understand the exposure mechanism. 

In a previous study, it was found that exposure to an electron beam degrades the PMMA to produce 

molecular hydrogen, carbon monoxide and carbon dioxide.8  The same study concluded that the 

methyl ester group in PMMA readily dissociates from the carbon backbone during irradiation. 

Figure 12 shows the comparison of transmission spectra under various conditions. High dose 

electron beam exposure causes the strong PMMA absorption peaks to broaden and weaken in 

irradiated samples. Features associated with the carboxyl and methoxy groups are weakened upon 

e-beam exposure, but the presence of water vapor during exposure does not significantly alter the 

spectrum.   



 

Figure 12.   Infrared transmission spectra of PMMA unexposed (PMMA), exposed under 1 mbar 

water vapor, and exposed under high vacuum at 15 mC cm-2 (Water 15 and Vacuum 15) and 40 

mC cm-2 (Water 40 and Vacuum 40). Features associated with the carboxyl and methoxy groups 

are weakened upon e-beam exposure, but the presence of water vapor during exposure does not 

significantly alter the spectrum.  

The methoxy group (C-O-C stretching) peak 1149, 1193, 1242 and 1272 cm-1 lines 

disappears from the irradiated samples. The C=O stretching peak at 1730 cm-1 broadens and shifts 

to lower energies.  This is consistent with the conversion of unconjugated C=O bonds to 

conjugated C=O bonds (which appear at lower wavenumbers58) upon irradiation.  The C-H 

stretching absorption peak assigned to wavenumber 2952 cm-1 broadens as well whereas the C-H 



stretching mode assigned to 3000 cm-1 disappears for irradiated samples. However, there was no 

significant difference observed for exposure under water vapor. 

 

4. X-ray photoelectron spectroscopy of negative-tone PMMA  

X-ray photoelectron spectroscopy (XPS) allows us to compare the chemical composition 

of unexposed PMMA with negative tone (cross-linked) PMMA exposed under high vacuum and 

water vapor.   Here we use unexposed PMMA as a point of comparison and as a reference for 

establishing the binding energies and peak shapes of the relevant carbon-oxygen 

peaks.  Subsequently, we use these parameters as a basis for fitting the XP spectra of exposed 

PMMA.  In this way we can draw some basic conclusions about the chemical composition of the 

cross-linked PMMA and the effects of water vapor on the process. 

For the C1s spectrum of unexposed PMMA, we assign four peaks to the five carbon atoms 

in the PMMA repeat unit as labeled in Figure 13(a).  This approach was first proposed by Pijpers 

and Donners59,60 and its chemical significance has been confirmed by several additional studies. 

(See, for example, references 61–64.)  Peak fitting was performed with the following constraints: (1) 

A Shirely background was used that did not exceed the data at any point.  (2)  All peaks were 

modeled with a Gaussian-Lorentzian Sum (pseudoVoight) lineshape; (3) a single Gaussian-

Lorentzian mixing ratio was fit for all peaks; (4) the relative binding energies were constrained to 

those given by Naves de Brito et al. for bulk PMMA,61  and a single energy offset was fit to 

compensate for the small residual, charge-induced shift of the entire spectrum;  (5) a single full 

width at half maximum (FWHM) was fit for all peaks as we do not have sufficient evidence that 

the intrinsic peak widths vary significantly for PMMA films more than a few nanometers 

thick;62,63  and (6) the initial peak areas were chosen based on the stoichiometric concentrations, 



but were allowed to vary without constraint because PMMA is known to exhibit slightly non-

stoichiometric area ratios.62   

Figure 13(a) shows the XP spectrum for unexposed PMMA, the Shirley background, the 

four fitted peaks, and the residual error in the fit.  Table 5 lists the binding energies and 

compositional analysis results.  This peak fitting strategy provided a good fit to the data and 

showed good agreement with other studies of bulk PMMA (see, for example, references 61,63) 

including the slight non-stochiometric compositional results.  Perhaps more importantly, these fits 

allowed us to confirm the binding energies and constrain the FWHM and mixing ratio for the peaks 

used to fit the XP spectra for exposed PMMA discussed below. 

 
Table 5 XPS peak assignments and compositional analysis for unexposed PMMA.  Uncertainties 

represent 95% confidence intervals for the fitted parameters.  Parameters without uncertainties 

were fixed during the fit.   

Label Bonding  
Binding 

Energy (eV) 
Composition (at.%) 

C1 CH2 and CH3 285.00 ±0.01  43±1 

C2 quaternary C 285.60 22 ±1 

C3 O-CH3 286.80 18.2±0.5 

C4 O-C=O 289.00 16.5±0.3 

All peaks: FWHM = 1.41±0.02 eV, Gaussian/Lorentzian mixing ratio = 0.16±0.02 

 



 
Figure 13.  C1s X-ray photoelectron spectra for unexposed and negative-tone exposed PMMA.   

(a) Unexposed PMMA with polymer structure shown inset.  The numerical labels on the fitted 

peaks indicate the associated carbon atom.  (b) PMMA exposed under high vacuum.  (c) PMMA 

exposed under 1 mbar water vapor.  The exposure dose for (b) and (c) is 40 mC/cm2.  For (b) and 

(c) two additional peaks are included to capture the presence of C=C and O-C-O moieties.   



 Table 6 XPS peak assignments and compositional analysis for PMMA exposed at 40 mC/cm2 

under high vacuum and 1 mbar water vapor.  Uncertainties represent 95% confidence intervals 

for the fitted parameters.  Parameters without uncertainties were fixed during the fit.   

Label Bonding  
Binding 

Energy (eV) 

Composition for 

exposure under 

high vacuum 

(at.%) 

Composition for 

exposure under  

1 mbar water 

vapor (at.%) 

 C=C 284.73 43±8 47±8 

C1 CH2 and CH3 285.00±0.08  22±8 20±8 

C2 quaternary C 285.60 18 ±1 18 ±1 

C3 O-CH3 286.80 9.0±0.4 7.6±0.4 

 O-C-O 287.93 4.7±0.4 4.2±0.4 

C4 O-C=O 289.00 3.6±0.3 3.2±0.3 

All peaks: FWHM = 1.41 eV, Gaussian/Lorentzian mixing ratio = 0.16  

 

 
PMMA regions exposed with a dose of 40 mC/cm2 under high vacuum and 1 mbar water 

vapor were also analyzed using XPS.  The relative binding energies, FHWM, and mixing ratio 

from the unexposed PMMA were retained for the exposed PMMA analysis.  However, prior 

studies have shown that cross-linked PMMA contains C=C bonds48 and should have an additional 

peak shifted -0.27 eV from the C1 peak.  In addition, none of the chemical shifts in unexposed 

PMMA account for the photoelectron signal near 288 eV in the cross-linked sample.  Given the 

composition of PMMA, the only good candidate for this region is the carbon atom in O-C-O.  We 

have added this peak based on the mean chemical shift (+2.93 eV) given by Gengenbach et al.65 

Naively fitting six peaks to the relatively smooth spectrum of cross-linked PMMA would be quite 

challenging and would lead to unacceptably large uncertainties for the peak parameters and the 

composition of the material.  However, by retaining the relative binding energies, FWHM, and 



mixing ratio from unexposed PMMA measured at the same time and on the same substrate, we 

can sufficiently constrain the fit to draw some meaningful conclusions.   

 
Figure 13(b) and (c) show the XP spectra for PMMA exposed under high vacuum and 

water vapor respectively.  The Shirley background, the six fitted peaks, and the residual error in 

the fit as shown as well.  Table 6 lists the binding energies and compositional analysis results.   

With regard to composition, it comes as no surprise that the area of the C=C peak is strongly 

negatively correlated with the area of the adjacent C1 peak associated with CH2 and CH3.  This 

leads to substantial uncertainty in the relative compositions.  Nevertheless, the confidence intervals 

exclude a zero concentration of C=C even at the 99.73% confidence level.  Thus, our results 

reaffirm the conclusion of prior works, sometimes reported without measures of uncertainty, that 

cross-linking of PMMA occurs at least partially through C=C bonds.  This result is also consistent 

with the infrared spectroscopy results of Section III.B.3 which shows the transformation of 

unconjugated C=O bonds to conjugated C=O bonds after irradiation at similar doses.   

The distinct shoulder and higher energy peak associated with C3 and C4 respectively are 

markedly reduced upon irradiation.  Neither result is surprising as side-group cleavage 

accompanies main chain scission in electron-exposure of PMMA.  More interesting is the 

photoelectron signal that appears to arise from O-C-O bonded carbon.  Excluding this moiety 

significantly reduced the quality of the fit, and the confidence intervals for the area of the O-C-O 

peak exclude zero concentration even at the 99.73% confidence level.  This suggests that cross-

linking can also occur through a more complex linkage involving oxygen.  Based on the spectra 

of acetal/ketal linkages, we would expect additional infrared absorption in the 1200-1010 cm-1 

range.  However, it would be difficult to detect the four to five unresolved features expected for 

such O-C-O linkages58 in the infrared spectra of Figure 12.  This is especially true given the low 



concentration identified by XPS.  Thus, this observation should motivate further study to fully 

characterize the various cross-linking mechanisms for negative-tone PMMA.   

These results add additional insight into the cross-linking process for negative-tone PMMA 

exposure beyond what has been previously presented in the literature.  However, the most 

important result for this study is that there are only very small chemical differences between 

negative tone PMMA exposed under 1 mbar water vapor and PMMA exposed under high 

vacuum.  The carbon-carbon bonded components (C1, C2, and C=C) do not shown any statistically 

significant difference at the 95% confidence level.   Among the carbon-oxygen bonded 

components, only C3 shows a small statistically significant compositional difference (1.4%).  As 

noted above, these results are consistent with our infrared spectra which also shows only very 

small chemical differences between negative-tone exposure under vacuum and water vapor.  This 

result contrasts with reported changes in PMMA composition during ion-beam etching using large 

argon ion clusters with and without water vapor. In the case of ion-beam etching, XPS showed 

water vapor reduced the loss of C-O and O-C=O bonded carbon compared to irradiation in 

vacuum.66  Even so, argon ion cluster experiments represent a vastly different regime of total dose, 

dose rate, and localization of energy transfer.   

Thus, X-ray photoelectron and infrared spectroscopy both suggest that water vapor does 

not change the composition of the cross-linked PMMA.  Thus, compositional changes are not 

likely the source of the enhanced contrast and the dramatic change in onset dose observed for 

exposure under water vapor.  Rather, reactions with water radiolysis products, as discussed in 

Section III.A.1, may alter the molecular weight and molecular weight distributions. 

 

 



 
IV. SUMMARY AND CONCLUSIONS 

Water vapor was recently shown to alter the radiation chemistry of the VP-EBL process 

for Teflon AF26. In this work, VP-EBL was conducted to study the effect of water vapor on positive 

and negative tone electron-beam patterning of PMMA, a conventional e-beam resist. Water vapor 

did not dramatically affect the sensitivity of PMMA for the positive tone patterning at vapor 

pressures up to 3 mbar. However, the contrast of the positive and the negative tone process 

improved in the presence of water vapor. These results suggest that VP-EBL can be applied to 

positive-tone patterning PMMA without extensive changes to established process parameters. In 

contrast, water vapor dramatically increased the onset dose for negative tone patterning and both 

compaction and direct etching appear to be significant.  Improved contrast was also observed for 

negative-tone patterning at higher water vapor pressures.  As a result, significant process 

modifications will be necessary when implementing VP-EBL for negative tone PMMA patterning.   

X-ray photoelectron spectra and infrared transmission spectra indicate that the presence of 

water vapor does not dramatically alter the composition of exposed PMMA.  This is true for both 

positive and negative tone processes.  Instead, changes in molecular weight distributions appear to 

be responsible for the altered contrast and contribute to the changes in clearing and onset dose.  

Further investigation is required to establish the radiation chemical mechanisms, such as hydrogen 

a st raction  y H∙ and ∙OH, that can alter the chain scission and cross-linking processes and thus 

the molecular weight distributions.   

Finally, scattering in the water vapor can control the size of the cleared region around 

negative tone patterns providing an alternative to large area positive tone writing to achieve the 

same end. This effect could be useful for increasing the range of the developed region around 

cross-linked PMMA far beyond the backscattered electron range. Moreover, the range can be 



easily tuned by varying the water-vapor pressure.  All of these results emphasize the dramatic 

expansion of the lithographic parameter space when conducting electron-beam lithography under 

reactive gases. 
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