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ABSTRACT OF DISSERTATION

Gas assisted electron beam patterning processes

Radiolysis is a complex phenomenon in which molecules subjected to ionizing radi-
ation form new chemical species. Electron-beam irradiation has proven to be a ver-
satile approach for significantly altering materials’ properties and forms the basis for
electron-beam lithography using both organic and inorganic resists. Electron-beam
exposure is normally carried out under high vacuum conditions to reduce contam-
ination and allow for unhindered interaction between the electrons and the resist
material. Exposure under an ambient gas at sub-atmospheric pressures has been
found to provide a distinct mechanism which can be exploited to circumvent some
of the challenges associated with material processing and significantly alter or en-
hance material’s properties. This dissertation discusses the modifications in standard
electron beam resist characteristics during gas assisted electron beam pattering.

We studied the effect of water vapor pressure on positive and negative tone
electron-beam patterning of poly methyl methacrylate (PMMA). For both positive
and negative-tone patterning, it was found that increasing the water vapor pressure
considerably improved the contrast of PMMA. As expected from electron scatter-
ing in a gas, the clearing dosage for positive tone patterning gradually increased
with vapor pressure. Also, electron scattering in water vapor yielded a substantially
larger clear region around the negative-tone patterns. This effect could be useful for
increasing the range of the developed region around cross-linked PMMA far beyond
the backscattered electron range. As a result, VP-EBL for PMMA offers a new means
of tuning clearing/onset dose and contrast while enabling more control over the size
of the cleared region around negative-tone patterns.

We provide a novel way to simultaneously tune the emission wavelength and
enhance the fluorescence intensity of fluorophores formed by irradiating polystyrene
with a focused electron beam under various gaseous environments. We studied the
effect of electron dose and gas pressure on the emission spectra and photon yield of
irradiated polystyrene film on a variety of substrates. Up to 10x enhancement in
fluorescence yield was achieved using water vapor and the peak emission wavelength
tuned over a wide wavelength range. Thus, localized electron-beam synthesis of
fluorophores in polystyrene can be controlled by both dose and by ambient water-
vapor pressure. This technique could enable innovative approaches to photonics where



fluorophores with tunable emission properties can be locally introduced by electron-
beam patterning.

We also studied the effect of ambient gases on contrast and resolution of PMMA
on conducting and insulating substrates. E-beam exposures were conducted under
vacuum conditions and 1 mbar of water vapor, helium, nitrogen and argon to study
their effect on contrast and resolution of PMMA on silicon, fused silica and soda
lime glass substrates. On silicon, exposure under water vapor yielded contrast val-
ues significantly higher than vacuum exposure, consistent with our previous work.
However, exposure under helium yielded slightly improved contrast compared to vac-
uum exposure. On insulating substrates exposure under helium environment yielded
contrast values significantly higher compared to vacuum exposure. The clearing dose
was found to increase with the gases’ molecular weight and proton number, consistent
with the increase in scattering cross-section. The improved contrast and sensitivity
(dose to clear) of PMMA under helium motivated us to study the resolution under
various gases. Resolution testing indicated that despite the lower clearing dose, he-
lium still exhibited the best resolution with 25-nm half-pitch dense lines and spaces
clearly resolved on soda lime glass. Thus, VP-EBL of PMMA under helium yields
higher sensitivity and contrast on insulating substrates without sacrificing resolution.
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Chapter 1 Introduction

1.1 Background

Over the past 80 years, a great deal of research has been done on studying the
effects of high-energy irradiation on polymer materials. Exposure of polymer mate-
rials to high-energy radiation generally results in modification of polymer properties.
Electron beam is the most widely used radiation source for polymer modification
processes. Polymers undergo chain scission (degradation) or cross linking (gelation)
under the influence of high energy irradiation, in the process polymer properties are
modified which in turn depends on the reaction mechanism resulting from the radi-
ation conditions used. There are numerous applications that uses electron beam to
directly write patterns on polymers. Generally, a thin layer of polymer (called resist)
is deposited onto a substrate and subsequently irradiated by an electron beam. Bom-
bardment of electrons on the resist induces a wide range of interactions between the
incident electrons and the resist. As the incident electrons travel through the resist
it undergoes a series of elastic and inelastic scattering events in the resist and the
substrate.

Figure 1.1: Electron resist interaction.

Figure 1.1 shows the electron-resist interaction in it’s simplest form. The inci-
dent electrons undergo elastic and inelastic scattering in the resist and substrate,
producing a series of secondary and backscattered electrons. In inelastic scattering,
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the electrons continuously loose energy ionizing the resist and substrate producing a
cascade of low voltage (<50 eV) secondary electrons, these electrons are called for-
ward scattered electrons. These forward scattered electrons are responsible for most
of modifications brought about in the resist upon radiation. In elastic scattering
events, the electrons collide with the much heavier nucleus deflecting by a large angle
while retaining most of it’s energy, these electrons are called backscattered electrons.
These backscattered electrons can further ionize the resist and substrate to produce
more secondary electrons. The backscattered electrons can travel to far away points
from the initial electrons’ point of interaction, hence, the backscattering contribution
is significantly more severe than the forward scattering contribution.

Material property modification by electrons can be classified by (i) transport pro-
cesses via energy transport and charge transport, and (ii) localization processes via
energy localization and charge localization. Electron trajectory in the resist and sub-
strate, from Monte Carlo simulation using CASINO [1], at incident beam energy of
(a) 2 keV and (b) 30 keV is shown in Figure 1.2. The interaction volume of the
incident electrons with the resist decreases with increasing beam energy, therefore
the interaction volume with the resist can be modulated by varying the beam energy
of the incident electrons for the desired application. Exposure to electron radiation is
usually carried out under vacuum conditions to minimize electron scattering as well
as to eliminate any possibility of contamination. However, the interaction of electrons
in environment other than vacuum conditions can be different in turn resulting in a
different outcome than for exposure under vacuum conditions.

Electron-resist interaction under vacuum condition is much more simpler com-
pared to the presence an ambient gas during exposure. Under vacuum conditions the
interaction can be broadly classified in three categories (i) incident electrons – resist
interaction, (ii) resist – signal interaction (signal here includes the secondary and
backscattered electrons as well as X-rays, Auger electrons, etc. that are produced),
and (iii) incident beam – signal interaction. The presence of an ambient gas makes
the exposure process complicated as the number of interactions during the process
increases twofold as apart from the above mentioned interactions the following also
need to be taken into account: (i) incident electrons – gas interaction, (ii) signal –
gas interaction, and (iii) gas – resist interaction.

The reactivity of excited polymer chains with water to produce CO and H2 has
been postulated as a mechanism for the e-beam driven etching of hydrocarbon poly-
mer (AZ-resist) under water vapor [2]. Teflon AF’s, an amorphous fluoropolymer,
radiation chemistry is influenced by the irradiation conditions as well as the presence
or absence of a gas. Teflon (PTFE) can undergo both chain scission and cross link-
ing, former is more frequently seen in the presence of oxygen at room temperature
while the latter is more frequently observed under vacuum at higher temperatures
[3, 4]. These results were the motivation behind the work presented in this disserta-
tion. Next section briefly discusses the methods employed as a part of experimental
research done in this work.

2



(a)

(b)

Figure 1.2: Electron trajectory in resist (PMMA) and substrate (Silicon) at a beam
energy of (a) 2 keV and (b) 30 keV; using CASINO Monte Carlo simulator [1].
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1.2 Methods

1.2.1 Spin Coating

Spin coating is an effective technique used to deposit uniform and homogeneous coat-
ings of thin film onto a flat substrate. A typical spin coating process consists of
dispensing a solution of the desired material in a solvent onto the substrate. Then
the substrate is spun at low rotation speed for a few seconds to get a uniform spread
of the solution over the substrate. The substrate is then brought to its final rotation
speed; due to high centrifugal forces the solution tends to spread and thin out across
the substrate while the solution simultaneously evaporates. Rotation is continued to
achieve the desired film thickness. Once the spin coating is complete, the substrate
is placed onto a hot plate or in a vacuum oven at a high temperature to remove any
residual solvent.

The concentration, viscosity, and spinning speed of the solvent and solution all
affect the films’ thickness [5]. The film thickness decreases as the reciprocal of the
square root of spin speed [6].

h ∝ 1√
ω

(1.1)

where h is the final film thickness and ω is the spin speed.

1.2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) uses a focused beam of electrons, instead of
light, to scan a sample and generate high-resolution images. When the electron beam
hits the sample, interaction between the electrons and atoms in the sample pro-
duces a variety of signals; signal here includes the secondary electrons, backscattered
electrons, diffracted backscattered electrons, X-rays, Auger electrons, etc. that are
produced. The signal is then collected by a detector, usually a secondary electron
detector or a backscattered electron detector, to produce high-resolution image that
contains information about the surface topography and composition of the sample.
SEM can also be used for determining (i) chemical composition of the sample us-
ing energy dispersive X-ray spectroscopy (EDS) detectors and, (ii) crystal structures
and orientations of materials making up the sample using an electron backscatter
diffraction (EBSD) detectors.

1.2.3 Variable Pressure Electron Beam Lithography (VP-eBL)

Variable-pressure electron-beam lithography (VP-EBL) employs an ambient gas at
subatmospheric pressures to reduce charging during electron-beam lithography. Uti-
lizing the charge-balancing mechanism of the variable pressure scanning electron mi-
croscope (VPSEM) and the high-resolution patterning capability of electron beam
lithography, VP-eBL minimizes the charging effects during pattern exposure [7]. Us-
ing VP-eBL, pattern distortion artifacts from high vacuum eBL patterning on insu-
lating substrates is eliminated, without the need conductive coatings.
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1.2.4 Fourier transform infrared (FTIR) spectroscopy

The infrared spectrum of absorption, emission, and photoconductivity of solid, liquid,
and gas can be obtained using the Fourier transform infrared spectroscopy (FTIR)
technique [8]. FTIR analysis uses infrared light to scan the samples in order to identify
organic, inorganic, and polymeric materials. Deviations from the typical absorption
band pattern points to a change in the composition of the material. .

1.2.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) which is based on the photoelectric effect
is a quantitative spectroscopic technique frequently used by exposing the samples
with X-rays for determining the surface chemistry of a material, typically probing
to a depth of less than 10 nm. XPS is a surface-sensitive, non-destructive method
that can measure a material’s elemental composition in addition to the chemical
and electronic states of its atoms. XPS measures the number and kinetic energy of
the electrons emitted from the sample surface, thereby generating a photoelectron
spectrum allowing the identification of the surface elements based on the energy and
intensity of the photoelectron peaks. XPS can also be used to obtain the elemental
composition across the sample surface by XPS depth profiling, where photoelectron
spectrum are iteratively recorded by removing the material from the sample surface
using ion-beam etching.

1.2.6 Confocal microscopy

Confocal microscopy is a powerful optical imaging technique that employs a mod-
ified fluorescence microscope and is used in various scientific fields, including biol-
ogy, medicine, and materials science. It allows for obtaining high-resolution, three-
dimensional images of specimens by using a focused laser beam to illuminate a single
plane at a time. The light emitted from the specimen is then collected by a de-
tector through a pinhole aperture, which blocks out-of-focus light from reaching the
detector. Thus, providing improved optical resolution, resulting in clearer and more
detailed images compared to traditional microscopy techniques.

1.2.7 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is an analytical microscopy technique that
uses a beam of energetic electrons for ultra high-resolution imaging revealing the
chemical and structural morphology of an ultra-thin section of the sample. As the
accelerated electron beam passes through the sample, the interaction of the electrons
with the sample produces a variety of signals; the transmitted and forward scattered
electrons recombine to form an image that contains information about the crystal
structure of the sample. Secondary signals can be used for obtaining compositional
information of the sample.
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1.2.8 Energy dispersive X-ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique that is used
to extract information about the elemental composition or for performing chemical
characterization of a sample. When a beam of electrons or X-ray interact with the
sample it loses some of the absorbed energy to eject a core-shell electron from an atom
leaving behind a hole. The vacancy created by the ejected core-shell electron is filled
by a higher energy outer-shell electron, the energy difference between the outer-shell
and the core-shell is released to produces characteristic X-rays. An energy-dispersive
spectrometer records the number and energy of the characteristic X-rays emitted that
is then used to determine the elemental composition of the sample.

1.2.9 Resist development

Typically, high molecular weight polymers dissolved in a liquid solvent make up the
electron beam resists. Electron radiation of the resist causes the polymer to alter
structurally. Electron beam resists can be either positive or negative. The scission of
main- and side-chains following electron exposure weakens the positive resists, making
the exposed resists more soluble in the developing solution. After exposure, the resist
is typically immersed in a liquid developer. During development, the solvent pene-
trates into the polymer matrix and starts to surround the fragments. The resist film
forms a positive tone pattern as a result of the solvent developer’s selective removal of
the weaker or lower molecular-weight resist. On the other hand, a radiation-induced
cross-linking reaction strengthens the negative resists during exposure, making them
less soluble in the developer. Temperature and duration become important param-
eters here as the hotter/longer the development, the farther along the continuum of
solubility the dissolution extends [9].
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1.3 Original contribution

The following contributions have been made while working on gas assisted electron
beam patterning processes:

Contribution 1: Effect of water vapor pressure on positive and negative
tone electron-beam patterning of poly(methyl methacrylate). 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 wa-
ter 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.

Contribution 2: Enhanced fluorescence from Polystyrene using gas as-
sisted electron-beam patterning. This work presents a novel method for tuning
and enhancing fluorescence properties from polystyrene (PS) through electron-beam
(e-beam) irradiation under gaseous environments. We describe the effect of electron
dose and ambient gas on the photoluminescence (PL) spectra and yield of electron
irradiated PS films on insulating and conductive substrates. PS films were exposed
in an environmental scanning electron microscope using a 20 keV electron-beam,
ambient gas pressure ranging from < 10−5 mbar (high vacuum) – 3 mbar, and the
electron dose ranged from 1.8 – 45 mC cm−2. Irradiated PS films were characterized
using confocal microscopy, Transmission electron microscopy (TEM), Energy disper-
sive X-ray Spectroscopy (EDS) and Fourier transform infrared (FTIR) spectroscopy.
From emission spectra collected using confocal microscopy we found that the emission
wavelength and photon yield of the irradiated film can be tuned by both dose and
gas pressure, significant enhancements in the PL intensity – up to about 18 times
on Sapphire substrate under helium environment compared to high-vacuum exposure
– are observed. Overall, the highest PL yield is observed on soda lime glass sub-
strate under argon environment. Also, the photon-yield on conductive substrates is
significantly smaller than that yield from insulating substrates. The peak emission
wavelength blue-shifts with increasing gas pressure and could be tuned in the 451 –
544 nm range by varying dose and gas pressure. TEM images revealed e-beam irra-
diated PS are amorphous in nature and elemental mapping EDS revealed no signs
of film oxidation. FTIR spectroscopy revealed that under gaseous environment the
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decay of aromatic and aliphatic C–H stretches is reduced compared to the high vac-
uum exposure; in all cases, features associated with the phenyl rings are preserved.
Localized e-beam synthesis of fluorophores in PS can be controlled by both dose and
by ambient gas pressure. This technique could enable new approaches to photonics
where fluorophores with tunable emission properties can be locally introduced by e-
beam patterning.

Contribution 3: Enhanced contrast and high-resolution patterning of
PMMA on insulating substrates under ambient gases. In this work, VP-EBL
was conducted to study the effect of ambient gases on contrast and resolution of
PMMA on conducting and insulating substrates. To our knowledge, these are the
first studies of molecules other than water for EBL in gaseous environments. E-beam
exposures were conducted under various gases to study their effect of on contrast
of PMMA on conducting and insulating substrates, the contrast curves for PMMA
on fused silica exposed under 1 mbar of helium, water, nitrogen and argon yielded
contrast values of 13.6, 8.6, 7.7 and 9.7, respectively. The clearing dose increases
with the gases’ molecular weight and proton number, consistent with the increase in
scattering cross-section. Our results for PMMA on silicon exposed under 1 mbar water
vapor pressure yielded a contrast of 12.6, however, the contrast degrades on insulating
substrates under water vapor and yields distinct values on fused silica and soda lime
glass. The difference in contrast values on fused silica and soda lime glass could be
correlated to differences in charge dissipation. Helium exhibits improved contrast
in all cases. The improved contrast and sensitivity of PMMA exposed under helium
motivated us to study the resolution under various gases. Resolution testing indicated
that despite the lower clearing dose, helium still exhibited the best resolution with
25-nm half-pitch dense lines and spaces clearly resolved on soda lime glass. To our
knowledge, this is the highest resolution demonstrated to date for EBL in a gaseous
environment. Thus, VP-EBL of PMMA under helium yields higher sensitivity and
contrast on insulating substrates without sacrificing resolution.

1.4 Outline of the Dissertation

This work provides a detailed description on the modifications in electron beam re-
sist properties upon focused electron beam irradiation in gaseous environment on a
variety of substrates. For each polymer, studies were coded based on the polymer,
the gas, and the substrate as shown in Figure 1.3. Sensitivity, contrast, resolution
and fluorescence are the material properties that have been investigated. PMMA,
polystyrene, ZEP and HSQ are the most widely used positive (PMMA and ZEP)
and negative resist (polystyrene and HSQ) making them the perfect choice for this
work. The choice of gases to include helium, argon, water and nitrogen were based on
reactivity to cover inert and reactive gases. Nitrogen was included as an ambient gas
because it is often considered inert, but is reactive under ionizing radiation, hence can
have interact differently than reactive and noble gases. Since material modification
by electrons can be classified based on charge transport, substrates with different
electrically conductivity’s were incorporated.
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Figure 1.3: Experimental outline.

This dissertation is organized as follows: chapter 2 provides the details of the
effects of water vapor on contrast and sensitivity during electron beam patterning
of PMMA on a conductive substrate. Chapter 3 presents the enhanced fluorescence
from Polystyrene using gas assisted electron-beam patterning. Chapter 4 presents the
enhanced contrast and high-resolution patterning of PMMA on insulating substrates
under ambient gases. Chapter 5 provides a future outlook for the application and
improvement of the research introduced in the previous chapters. The results which
did not provide a significant enhancement in material properties upon using gaseous
environment over exposure under vacuum conditions are included in the appendix
section of this dissertation.

Copyright© Deepak Kumar, 2024.
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Chapter 2 Effect of water vapor pressure on positive and negative tone
electron-beam patterning of poly(methyl methacrylate)

2.1 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 [10–27].
Poly(methyl methacrylate), PMMA, is the most widely used electron-beam resist
due to its high resolution and stability [28]. It is well known that upon electron-
beam irradiation at lower exposure doses, PMMA acts as a positive resist due to
the chain scission of the polymer. At higher exposure doses, both cross-linking and
compositional changes in PMMA show negative-tone resist behavior [29–33].

Variable-pressure electron-beam lithography (VP-EBL) employs an ambient gas
at subatmospheric pressures to reduce charging during electron-beam lithography.
Previous work demonstrated that VP-EBL can eliminate distortion and improve res-
olution when patterning PMMA on insulating substrates [7]. 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 has recently been shown to alter the radiation chem-
istry of the VP-EBL process for Teflon AF, an amorphous fluorinated polymer that
can function as a positive or negative resist [34]. Such changes in radiation chemistry
have not been explored for the VP-EBL of PMMA.

In this work, through systematically studying the effect of water vapor pressure
on both the positive-tone behavior 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 the distributions of molecular weight.
We also show that the skirting effect of the forward scattering of electrons in water
vapor [35] can control the size of the cleared region around negativetone patterns
providing an alternative to large area positive-tone writing.

2.2 Experimental details

2.2.1 PMMA spin coating

PMMA (950 K molecular weight, MicroChem Corp.) was diluted using anisole (Mi-
croChem 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 s to give a
uniform layer and then spun at 4000 rpm for 1 min to set the desired thickness. Next,
the spin-coated Si substrate was heated on a hot plate at 180°C for 120 s 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.
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2.2.2 Variable-pressure electron-beam lithography process

An ELPHY Plus pattern generator (Raith GmbH) coupled with a FEI environmental
scanning electron microscope (Quantum FEG 250) with a fast beam blanker was used
for the VP-EBL process. An analytical working distance of 10 mm and a beam energy
of 30 keV were 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 ithographic exposure. Gold nanoparticles deposited onto
PMMA were used for focusing and as the marker during patterning.

For the positive-tone process, 20 × 100 μm2 rectangular structures were exposed
under high vacuum and water vapor (0.1, 1, 3, and 10 mbar) with areal exposure dose
ranging from 10 – 300 μC cm−2 with a step size of 12.8 nm and a beam current of 93
pA. The areal exposure dose, D, typically expressed in micro-Coulombs per square
centimeter is determined from the following equation [36]:

D =
T ∗ I
A

(2.1)

where T is the time to expose the pattern (can be divided into exposure time/step
size), I is the beam current and A is the exposed area. An electron-beam energy of 30
keV was chosen to reduce beam scattering in both water vapor and the resist, as well
as to distribute backscattering to the largest range possible [37]. Each adjacent rect-
angle was given a 20 μm spacing to minimize proximity effects from backscattering.
The exposed film was developed in 1:3 MiBK: IPA for 60 s at 18 °C followed by 30
s IPA rinse. Thickness measurements of the resulting resist surface were conducted
using a Dektak 6 M (Veeco, Inc.) surface profiler.

For the negative-tone process, first, an array of single-pixel dots were exposed
from 60 fC to 9 pC under high vacuum and water vapor (0.1, 1, 3, and 10 mbar)
to estimate the onset areal dose. Then, an array of 20 rectangles (5 × 50 μm2)
were 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 s at 18 °C followed by 30 s IPA rinse. 1:2 MiBK:
IPA is typically used in the negative-tone process to provide a slightly larger cleared
area [30]. 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) spec-
troscopy were prepared by exposing 200 × 200 μm2 rectangular structures under high
vacuum and water vapor (0.1, 1, 3, and 10 mbar) with areal exposure doses of 100
and 175 μC cm−2 using a step size of 12.8 nm and a 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 ex-
posing 250 × 250 μm2 structures under high vacuum and 1 mbar water vapor with
areal exposure doses of 15 and 40 mC cm−2 using a step size of 12.8 nm and a beam
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Table 2.1: Experimental Conditions

Chamber pressure Beam
current

Exposure
Dose

Pattern
size

Developer

Positive tone Vacuum and 0.1–10
mbar water vapor

93 pA 10 – 300
μCcm−2

20 × 100
μm2

1:3
MiBK:IPA

Negative tone Vacuum and 0.1–10
mbar water vapor

414 pA 1 – 40
mCcm−2

5 × 50
μm2

1:2
MiBK:IPA

FTIR positive
tone

Vacuum and 0.1–10
mbar water vapor

110 pA 10 and 175
μC cm−2

200 × 200
μm2

undeveloped

XPS and FTIR
negative tone

Vacuum and 1 mbar
water vapor

5.9 nA 15 and 40
mC cm−2

250 × 250
μm2

1:2
MiBK:IPA

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 2.1.

2.2.3 X-ray photoelectron spectroscopy

A Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer was used for sur-
face analysis. X-ray photoelectron spectroscopy (XPS) was performed on as-coated
PMMA samples and samples exposed at high doses under high vacuum and under 1
mbar 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 module [38], which allowed detailed error analysis. Details of the peak
fitting strategies for the various samples are provided in Section 2.3.2.

2.2.4 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 develop-
ment. 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.
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2.3 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 o f w ater v apor p ressure o n b oth t he 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.

2.3.1 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 degrada-
tion of PMMA by electron beam makes it a suitable candidate as a positive e-beam
resist. Main chain scission in PMMA can result from the cleavage of the methyl ester
side group to form a polymer radical [path (i) in Figure 2.1] 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)]. Hydro-
gen abstraction results in a double bond formation in the main chain or side group.
Main chain scission can also result from the 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.

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 con-
trast curves, normalized residual resist thickness (NRT) versus areal exposure dose,
D,are plotted for different water vapor pressures in Figure 2.2. 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.

The dose to clear, DC , and contrast, γ,in Figure 2.3 were obtained by fitting the
data in to an empirical model of the form [42],

NRT = C0 − eS(D−DC) (2.2)

where C0, S, and DC are the fitting parameters. For most cases, C0 ≈ 1. S is
determines how sharply the curve changes with dose, and DC is the dose to clear.
The contrast, γ, can be obtained from [42],

γ = ln(10)SDC (2.3)
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Figure 2.1: Schematics showing possible reaction paths for radiation damage in
PMMA, as described in Refs. [39–41]. 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).

Table 2.2: Contrast (γ) and dose to clear (DC) as a function of vapor pressure for
the positive-tone exposure of PMMA.

Chamber pressure High
vacuum

0.1 mbar
H2O

1 mbar
H2O

3 mbar
H2O

10 mbar
H2O

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 cm−2) 109 ± 1 111 ± 2 110 ± 1 115 ± 1 162 ± 1

The experimental data and fitted curves for each water vapor pressure are shown
in Figure 2.3. Data points not well modeled by 2.2, i.e., those with small or zero
residual resist thickness, were excluded from the fitting process and are marked by
an “ x ”. Standard errors of the fitting parameters were calculated from the diagonal
entries of the covariance matrix. Table 2.2 summarizes the contrast and dose to clear
for exposure under high vacuum and each water vapor pressure. Figure 2.4 plots
these parameters versus water vapor pressure.
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Figure 2.2: Normalized residual resist thickness vs exposure dose (experimental val-
ues) for PMMA exposed under high vacuum and water vapor pressures ranging from
0.1 to 10 mbar.

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.
Danilatos [43] showed that the beam skirt radius from plural scattering in a gas can
be approximated by

Rs = 364
(
Z

E

)(
P

T

)1/2

L3/2, (2.4)

where a circle of radius Rs, in meters, encompasses 90% of the scattered electrons,
Z is the effective atomic number (7.42 for water vapor) [35] 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

)
(2.5)

with α = 6.9 ± 0.06 and β = 0.50 ± 0.03 indicates that there is a statistically signif-
icant increase in contrast to water vapor pressure as shown in Figure 2.4(a). Thus,
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Table 2.3: Vibrational mode assignments for PMMA from FTIR transmission data.

Wavenumber Modes
(cm−1) (Refs. [45, 46])

3000 C—H Asymmetric stretching
O—CH3 Asymmetric stretching
O—CH3 Symmetric stretching

2952 CH2 Asymmetric stretching
C—CH3 Symmetric stretching

1730 C=O Stretching
1483 CH2 Bending
1450 C—H Asymmetric bending
1435 and 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 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 the dif-
ferential solubility of the exposed PMMA could arise from changes in the chemical
composition or from changes in the molecular weight distribution as discussed in the
next section. The increase in dose to clear with water vapor pressure is shown in
Figure 2.4(b). The dose to clear increases sharply beyond 3 mbar. This reduction
in sensitivity could simply be the result of electron scattering in water vapor [44] or
could be related to changes in the composition or the molecular weight in the exposed
PMMA.

Infrared spectroscopy of positive-tone PMMA

Infrared transmission spectra of 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 and 175 μC cm−2. The peaks present in unexposed PMMA and their respective
mode assignments from infrared transmission data are summarized in Table III.

The infrared transmission spectra of PMMA irradiated at 175 μC cm−2 under high
vacuum and water vapor (0.1, 1, 3, and 10 mbar) are compared in Figure 2.5(a). Fig-
ure 2.5(b) shows the infrared transmission spectra of unexposed PMMA and PMMA
irradiated at 100 μC cm−2 under high vacuum and water vapor (0.1, 1, 3, and 10
mbar). In both cases, the chemical signature of the irradiated patterns is not sig-
nificantly 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, the alteration of the molecular weight distribution of PMMA is
the most likely explanation for the effect of water vapor on contrast.
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Figure 2.3: Fitted normalized resist thickness vs exposure dose (PMMA) for each
water vapor pressure used during resist exposure. (a) High vacuum; (b) 0.1; (c) 1;
(d) 3; 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 data set are shown in the inset. Uncertainties represent the standard error
of the fitted parameter.
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Figure 2.4: (a) Contrast as a function of water vapor pressure. The fitted line and
corresponding 95% confidence bands (gray fill) show the statistically significant in-
crease in contrast to 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 the standard error of the fitted parameters.

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 envi-
ronmental SEM, and subsequent beam damage to organic materials, is well estab-
lished [47–49]. Likewise, enhanced etching of carbonaceous materials in water vapor
has been observed for both electron beam [50] and ion beam [51–53] 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 Figure
2.1. Alternatively, these radicals can abstract hydrogen from polymer radicals previ-
ously 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 [47], it is expected in the vapor phase particularly in the presence of
low-energy secondary electrons [54–56] Atomic oxygen can directly react with PMMA
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Figure 2.5: Infrared transmission spectra of (a) PMMA irradiated at 175 μC cm−2

under high vacuum and water vapor (0.1, 1, 3, and 10 mbar); (b) unexposed (pristine)
PMMA and PMMA irradiated at 100 μC cm−2 under high vacuum and water vapor
(0.1, 1, 3, and 10 mbar).

chains to form volatile products, e.g., CO2, which would reduce the 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 pro-
cesses 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 polymer chains, polymer radicals, and radioly-
sis products. However, simpler experiments that vary beam current, and thus, dose
rate, along with dwell and refresh times to study water depletion, may increase the
understanding of the underlying mechanism.
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2.3.2 Effect of water vapor on negative-tone patterning of PMMA

The decreased solubility of the exposed region in a 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 the increased molecular weight
of the resist. The widely accepted reaction mechanism suggests that scission and
cross-linking are not independent processes. Cross-linking occurs at sites that have
previously undergone chain scission via path (i) of Figure 2.1. The C=C bonding
occurs at scissioned end groups, leading to cross-linking (Figure 6) [57]. The XPS
results discussed below also suggest that additional linkages may form through C–O
bonding.

Figure 2.6: Reaction mechanism for main chain recombination resulting in the cross-
linking of the end groups (Ref. [57]). Reproduced with permission from Lehockey
et al., J. Vac. Sci. Technol. A 6, 2221 (1988). Copyright 1988 American Vacuum
Society.

Negative-tone contrast curves

Figure 2.7 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 the 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.
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Figure 2.7: Contrast curves for higher exposure dose of array of 20 rectangles (5 ×
50 μm2). The exposure dose varied in the range of 1–40 mC cm−2.

For negative-tone patterning, the normalized remaining resist thickness was fitted
with an empirical model of the form,

NRT = C0 − eS(D0−D) (2.6)

where the parameters are the same as the model in Eq. 2.2 except that D0

represents the onset dose for negative-tone behavior. The fitted contrast curve for
each water vapor pressure is shown in Figure 2.8, and Table 2.4 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 Figure 2.9. The onset dose for cross-linking 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 behaviors cannot be
explained by the simple scattering of electrons in water vapor. In the absence of
compositional changes in the exposed materials, discussed below, these results again
suggest that water vapor leads to the modification of the molecular weight, and
molecular weight distribution, of exposed PMMA.

Table 2.4: Contrast (γ) as a function of vapor pressure for the negative-tone behavior.

Chamber pressure High vacuum 0.1 mbar H2O 1 mbar H2O 3 mbar H2O
Contrast (γ) 6.5 ± 0.4 5.5 ± 0.8 6.6 ± 0.5 8.2 ± 1.2
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Figure 2.8: Normalized resist thickness (experimental and fitted) vs exposure dose as
a function of water vapor pressure: (a) high vacuum; (b) 0.1; (c) 1; 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 ×.

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 the 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
have been widely reported in the literature [17, 58–64]. The film thickness decrease
in the original material depends on the exposure method used.
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Figure 2.9: Onset dose for cross-linking as a function of water vapor pressure. Error
bars represent the standard error of the fit for the contrast curves.

VP-SEM as an alternative to large area positive-tone writing

Figure 2.10: SEM image of 5 × 50 μm2 rectangular array structures exposed in the
dose range of 1–40 mC cm−2 under vacuum (lower pattern) and 1 mbar water vapor
(upper pattern).
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Figure 2.10 shows the scanning electron microscopy (SEM) image of structures
exposed in the dose range of 1–40 mC cm−2 under vacuum (lower pattern) and un-
der 1 mbar water vapor (upper pattern). The exposure dose increases from left to
right. It was observed that below the threshold of ∼8 mC cm−2, PMMA retains the
positive-tone behavior, where chain scission remains dominant mechanism, causing
the first five rectangles of the pattern to completely clear under vacuum conditions.
At exposure doses beyond 28 mC cm−2, an increase in the lateral dimensions of the
developed pattern was observed. This is the result of the dose from backscattered
electrons reaching the threshold for cross-linking near the patterned structure.

Figure 2.11: SEM images of patterns exposed in the dose range of 1–40 mC cm−2

under (a) 0.1; (b) 1; (c) 3; 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 Figure 2.11. Figure 2.11 shows the SEM images
for the same pattern, as shown in Figure 2.10, 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.
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Other artifacts seen in the SEM images are gold nanoparticles that dispersed during
development. Forward scattering in 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 [35, 65].

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 water
vapor can control the size of the cleared region around negative tone pattern. 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 [66].

Infrared spectroscopy of negative-tone PMMA

Infrared transmission spectra were obtained for patterns irradiated at 15 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 [17]. The same study concluded that the methyl ester group in PMMA
readily dissociates from the carbon backbone during irradiation. Figure 2.12 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
the 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.

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

lines disappear 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 uncon-
jugated C=O bonds to conjugated C=O bonds (which appear at lower wavenumbers)
[67] 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 the irradiated samples. However, there was no significant difference
observed for exposure under water vapor.

X-ray photoelectron spectroscopy of negative-tone PMMA

X-ray photoelectron spectroscopy (XPS) allows us to compare the chemical compo-
sition 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 com-
parison 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.
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Figure 2.12: 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.

For the C1s spectrum of unexposed PMMA, we assign four peaks to the five car-
bon atoms in the PMMA repeat unit as labeled in Figure 2.13(a). This approach was
first proposed by Pijpers and Donners [68, 69] and its chemical significance has been
confirmed by several additional studies (see, for example, Refs. [70–73]). Peak fitting
was performed with the following constraints: (1) a Shirley background was used
that did not exceed the data at any point; (2) all peaks were modeled with a Gaus-
sian–Lorentzian sum (pseudoVoight) line shape; (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 [70], 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 [71, 72]; and (6) the initial peak ar-
eas were chosen based on the stoichiometric concentrations but were allowed to vary
without constraint because PMMA is known to exhibit slightly nonstoichiometric
area ratios [71].
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Figure 2.13: C1s x-ray photoelectron spectra for unexposed and negative-tone ex-
posed PMMA. (a) Unexposed PMMA with a polymer structure shown in the 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 cm−2. For (b) and (c), two additional
peaks are included to capture the presence of C=C and O–C–O moieties.
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Table 2.5: XPS peak assignments and compositional analysis for unexposed PMMA.
Uncertainties represent 95% confidence intervals for the fitted parameters. Parame-
ters without uncertainties were fixed during the fit. All peaks: FWHM = 1.41 ± 0.02
eV, Gaussian/Lorentzian mixing ratio = 0.16 ± 0.02

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

The Gaussian–Lorentzian mixing ratio was determined from the pseudo-Voight
profile, which is the sum of a Gaussian and Lorentzian. The Gaussian-Lorentzian
sum (GLS) function has the following form [74]:

GLS(x;F,E,ms, h) = h(1 −ms) exp

[
−4ln2

(x− E)2

F 2

]
+

hms[
1 + 4 (x−E)2

F 2

] (2.7)

where x is the variable energy, F is the full width at half maximum (FWHM), E
is the energy at the center of the peak, m is the mixing ratio between Gaussian and
Lorentzian components, and h is the height of the function.

Figure 2.13(a) shows the XP spectrum for unexposed PMMA, the Shirley back-
ground, the four fitted peaks, and the residual error in the fit. Table 2.5 lists the
binding energies and compositional analysis results. This peak fitting strategy pro-
vided a good fit to the data and showed good agreement with other studies of bulk
PMMA (see, for example, Refs. [70] and [72]) including the slight nonstoichiometric
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.

PMMA regions exposed with a dose of 40 mC cm−2 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
bonds [57] 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 pho-
toelectron 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 Gen-
genbach et al. [75] 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.
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Table 2.6: XPS peak assignments and compositional analysis for PMMA exposed at
40 mC cm−2 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 en-
ergy (eV)

Composition for ex-
posure under high
vacuum (at.%)

Composition for ex-
posure 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–O3 287.93 4.7 ±0.4 4.2 ±0.4
C4 O–C=O 289.00 3.6 ±0.3 3.2 ±0.3

Figures 2.13(b) and 2.13(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 are shown as well. Table 2.6 lists the binding energies
and compositional analysis results. With regard to composition, it comes as no sur-
prise 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 un-
certainty 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 the measures of
uncertainty, that the cross-linking of PMMA occurs at least partially through C=C
bonds. This result is also consistent with the infrared spectroscopy results of Sec.
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, respec-
tively, are markedly reduced upon irradiation. Neither result is surprising as side-
group cleavage accompanies main chain scission in the 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 con-
fidence 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 link-
ages, 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 linkages [67] in the infrared spectra of Figure 2.12. 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.
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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 show 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 show only very small
chemical differences between negative-tone exposure under vacuum and water vapor.
This result contrasts with reported changes in the 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 [76]. Even so, the 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 va-
por 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 2.3.1, may alter the molecular weight and
molecular weight distributions.
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2.4 Summary and Conclusions

Water vapor has recently been shown to alter the radiation chemistry of the VP-
EBL process for Teflon AF [34]. In this work, VP-EBL was conducted to study the
effect of water vapor on the 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 im-
proved 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 sig-
nificant. 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 abstraction by H·
and ·OH, that can alter the chain scission and cross-linking processes and, thus, the
molecular weight distributions.

Finally, scattering in 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.

Copyright© Deepak Kumar, 2024.
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Chapter 3 Enhanced fluorescence from Polystyrene using gas assisted
electron-beam patterning

3.1 Introduction

Researchers have been drawn to carbon nanostructures for decades because of their
abundant precursor materials and superior mechanical, electrical, and optical proper-
ties. Carbon dots (CDs), a member of the carbon nanostructure family, have numer-
ous advantages which include ease of fabrication, low toxicity, low-cost, high-water
solubility, chemical inertness, high stability, strong biocompatibility, and ease of func-
tionalization. CDs have gained popularity for their excellent luminescent properties.
Fluorescent CDs have been made using a variety of techniques, such as chemical oxi-
dation [77], laser ablation [78], electrochemical synthesis [79], ultrasonic synthesis [80,
81], microwave pyrolysis [82], hydrothermal carbonization methods [83–85]. Organic
fluorophores can be synthesized with many different emission wavelengths in wide
spectral region and are used in wide ranging applications including chemical sensors
[86], photovoltaics [87], bioimaging [88], and organic lasers [89].

Polystyrene (PS) consists of long hydrocarbon chains with a phenyl group in the
repeating monomer unit (Figure 3.1). PS is a negative e-beam resist [90–97] and does
not exhibit luminescence in the visible spectral region [98]. It is known that electron
irradiation transforms PS from a non-luminescent polymer into a luminescent material
[10, 99–102]. For example, PL from irradiated PS results from formation of polycyclic
aromatic hydrocarbons (PAH) or carbon dots, assumed to be composed of PAH. In
unrelated work, water vapor has been shown to modify chemical processes during
e-beam irradiation of Teflon AF [3, 4, 34] and also alters the sensitivity and contrast
of PMMA in e-beam lithography [103]. These prior efforts motivated us to study the
effect of ambient gases on the e-beam induced synthesis of fluorophores in PS.

Here we describe the effect of electron dose and gas pressure on the emission
spectra and photon yield of PS films irradiated with focused electron beams on a
variety of substrates. Under high vacuum exposure, we found that increasing dose
red-shifts the emission spectrum and increases the photon yield, which is consistent

Figure 3.1: Chemical structure of Polystyrene
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with prior work on electron irradiated PS. However, under ambient gases, we found
that the emission wavelength and photon yield can be tuned by both electron dose and
gas pressure and that dramatic enhancements in photoluminescence can be achieved.
This technique could enable new approaches to photonics where fluorophores with
tunable emission properties can be locally introduced by e-beam patterning.

3.2 Experimental details

3.2.1 Spin coating

Polystyrene (2.5K molecular weight, Scientific Polymer Products) was diluted with
anisole (MicroChem Corp.) to make a 20 wt.% solution. The PS solution thus
prepared was spin coated on electrically insulating (N-BK7, soda lime glass, fused
silica and sapphire) and electrically conductive (silicon and ITO coated soda lime
glass) substrates at 500 rpm for 5 seconds to give a uniform layer and then spun for
one minute at 2000 rpm to achieve the thickness of ∼600 nm. Next, the spin-coated
substrate was heated on a hot plate at 70°C for 1 hour to remove any residual solvent.
A low baking temperature was chosen because low molecular weight PS thin films do
not have good thermal stability [94]. Ellipsometry (M-2000, J. A. Woollam Co. Inc.)
was used to measure the film thickness of the spin-coated PS film.

3.2.2 Variable-pressure electron-beam patterning

Figure 3.2: Schematic of electron-beam induced synthesis of fluorophores in
polystyrene thin films. The PS film is irradiated by a focused electron beam ei-
ther in high vacuum or under a subatmospheric-pressure gas.

An ELPHY Plus pattern generator (Raith GmbH) coupled with a FEI environ-
mental scanning electron microscope (Quantum FEG 250) with a fast beam blanker
was used for variable pressure electron beam patterning process, shown schematically
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in Figure 3.2. A working distance of 10 mm and a beam energy of 20 keV were
used for all patterning processes. 100 μm square patterns were exposed with a min-
imum of 100 μm spacing between each neighboring square. Exposures were carried
out at beam currents ranging from 0.7 to 1 nA. Prior to each exposure process the
beam current was measured under high vacuum conditions using a Faraday cup and
a picoammeter (Keathley 6487).

3.2.3 Confocal microscopy

PL measurements from irradiated patterns were carried out at room temperature
using a confocal microscope (Zeiss LSM 880 Upright Multi-photon Microscope) at
405 nm laser excitation. Samples were illuminated by a focused beam with a 10x
objective lens (numerical aperture 0.5) using water as immersion fluid. PL from
the sample was collected by the same objective and detected by a photomultiplier
(ZEISS QUASAR photomultiplier detector). Laser power and spectral resolution
were constant for all experiments.

3.2.4 Fourier-transform infrared (FTIR) spectroscopy

Infrared reflection spectra were collected using a Thermo Fisher Scientific Nicolet 6700
FTIR spectrometer coupled to an infrared microscope. The irradiated portion of the
film was completely within the illuminated region during measurements. Reflection
spectra were acquired for as-coated PS and exposed patterns.

3.2.5 Transmission electron microscopy (TEM)

PS exposed at 15 mC cm−2 under high vacuum and 1 mbar water vapor were char-
acterized with TEM at an accelerating voltage of 200kV (Thermo Scientific™ Talos™
F200X). Images were acquired using 16M pixel 4k x 4k CMOS camera (Thermo Scien-
tific™ Ceta). Elemental mapping energy dispersive X-ray spectroscopy (EDS) images
were collected using Thermo Scientific™ Super-X EDS system at a beam current of
approximately 0.8 nA.

3.3 Results and discussions

The effect of ionizing radiation on polymers is readily detected by the changes in
molecular weight; molecular weight decreases when chain scisson is prevalent, but
it increases when cross-linking is dominant. Presence of a phenyl group within the
polymer molecule provides partial protection against these effects of ionizing radiation
[104]. There are numerous studies investigating the range of protection offered by the
phenyl radical in organic co-polymers against radiation induced cross-linking [104–
109]. Significantly higher absorbed energy is required to cross-link PS, more than 2
orders of magnitude higher than many other long chain polymers [105], demonstrating
the stabilizing effect of the phenyl group. Radiation studies of p-substituted PS’s
indicated that the aromatic rings do not participate either in cross-linking or chain
scission [107].
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Randall et al. [110] proposed that for irradiated solid state polyethylene with
absorbed dose less than the gel dose, predominant cross-linking reaction leads to
the formation of Y-links. However, Horii et al. [111] reported that H-links were
predominantly present when molten state polyethylene is irradiated at higher doses.
Also, when phenyl rings are present in the polymer chain, end links can also be formed
where one or two chain scissioned reactive chain ends attach to the backbone of the
second molecule [112]. All these indicate that the reaction mechanism is significantly
affected by the absorbed dose (lower or higher absorbed dose than the gel dose leads
to different reaction mechanism) and also by the presence of the phenyl rings in the
polymer chain.

PS films show deep blue fluorescence around 410 nm upon electron irradiation [99],
as the electron dose varies, the PL intensity and peak wavelength also change. The
PL spectrum red-shifts with increasing electron dose. At lower doses, PL intensity
increases with electron dose; however, after a critical electron dose, PL intensity
falls as electron dose increases. The decrease in PL intensity beyond the critical
threshold was attributed to the synthesis of new bonds in the polymer chain and
the breakdown of the aromatic ring in pristine PS [100]. Similar trend of decreasing
PL above critical threshold is observed upon ion irradiation of polysiloxanes and
polycarbosilanes derived composite ceramics [113].

Exposing PS films to electron irradiation results in the formation of sp2 carbon
structures embedded in sp3 bonds [99]. Irradiation causes an increase in the number
of sp2 carbon clusters, the source of PL emission, below the critical electron dose.
A reduction in PL intensity above the critical dose is observed as a result of either
damage to the carbon clusters or defect generation in the matrix [100].

11H liquid nuclear magnetic resonance (NMR) and correlation spectroscopy has
revealed the the existence of several small multi ring aromatic units in irradiated
PS films such as biphenyl, 1-phenylnaphthalene, 1,4-dimethylnaphthalene and p-
terphenyl; where as phenanthrene was found at higher electron dose irradiation [100].
However, these small multi ring aromatic units absorb mostly in the mid UV region
and are weakly fluorescent in the visible region with only the tail of the emission
spectrum extending in the visible region. Also, the NMR spectra were obtained only
for PS samples irradiated at a low exposure dose since cross-linked PS is insoluble in
solvents. Therefore, these smaller, multi-ring aromatic species are unlikely to be the
source of visible PL observed for higher electron doses.

A fluorescence microscopy image of an example experiment is shown in Figure
3.3. We varied the dose and water vapor pressure during e-beam patterning of PS
and measured the PL from the irradiated patterns under 405-nm laser excitation. For
this set of experiments, the water vapor pressure ranged from 0.33 – 2 mbar, and the
dose ranged from 1.8 – 45 mC cm−2. The pressure along rows and the doses along
the columns remain the same. We find that the emission color of the patterns can be
tuned by varying the electron dose and water-vapor pressure.
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Figure 3.3: Fluorescence microscopy image of irradiated patterns on N-BK7 substrate.
Water vapor pressure ranged from 0.33 – 2 mbar, and the dose ranged from 1.8 –
45 mC cm−2. Exposure was done at 810 pA. Fluorescence intensity and wavelength
depend on both dose and gas pressures.

3.3.1 PL enhancement by e-beam irradiation of PS on N-BK7 and soda
lime glass substrate under water vapor: effect of electron dose and
gas pressure

Experiments were conducted to understand the dependence of electron dose and gas
pressure on PL intensity. 100 μm square patterns were exposed to a focused electron
beam under high vacuum and under 1 mbar water vapor in the electron dose range
of 1.8 – 15 mC cm−2. PL spectra of the patterns exposed under high vacuum, shown
in Figure 3.4a, indicate a red-shift in the emission wavelength and an increase in the
PL intensity as the electron dose increases. These results are consistent with prior
work on electron irradiated PS for the dose range considered [10, 102].

Exposure under water vapor led to interesting new findings. The emission wave-
length and photon yield can be tuned by both dose and water vapor pressure, as
shown in Figure 3.4b and Figure 3.5. The emission peak is found to blue-shift with
increasing gas pressure. This could partly result from the reduction in the absorbed
dose due to scattering in the gas. However, water vapor significantly increased the
photon yield, with a maximum occurring at 1 mbar pressure. This result cannot be
explained by simple electron scattering in the gas which would tend to reduce the
dose with increasing pressure. The peak emission wavelength could be tuned in the
451 – 544 nm range by varying dose and water vapor pressure. The emission spectra
from PS exposed under water vapor exhibit at least two peaks that are much sharper
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Figure 3.4: PL intensity from PS films on N-BK7 substrates irradiated under (a)
high vacuum and (b) 1 mbar water vapor using a beam current of 692 pA. The peak
intensity is enhanced up to 10× under water vapor and the peaks are significantly
sharper.
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Figure 3.5: PL intensity as a function of water vapor pressure on N-BK7 substrate
for 15 mC cm−2 electron dose carried out at 810 pA in (a) wide range of pressures
and (b) narrow range of pressures.
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Figure 3.6: Integrated PL intensity as a function of electron dose on N-BK7 substrate
carried out at a beam current of 810 pA.

than those observed for high-vacuum exposure. This suggests that the PL in visible
region originates from several PAH species in the exposed patterns.

Figure 3.6 shows integrated PL intensity obtained under high vacuum and differ-
ent water vapor pressures as a function of electron dose. The black line shows the
integrated PL intensity under high vacuum and blue line is for 1 mbar water vapor
exposure. Water vapor at 1 mbar increased the PL yield up to 10 times compared
to the high vacuum exposure, a result which cannot be explained by simple electron
scattering in the gas. Also, the dose at which the PL yield is maximum increases with
gas pressure. The PL yield peaks around 8 mC cm−2 for 0.1 mbar exposure, where
as it peaks at 37 mC cm−2 for 3 mbar exposure. For 1 mbar water vapor it peaks at
15 mC cm−2 exposure dose. With increasing electron dose the PL yield peaks and
gradually decreases after a critical threshold electron dose is reached. Thus, water
vapor at the right pressure dramatically increases PL yield and electron scattering in
gas alone cannot explain the enhanced PL.

Dependence of PL on beam current on N-BK7 substrate:

Fluorophore synthesis could depend on electron-beam current through at least three
mechanisms. First, if reactions involve the ambient gas, the gas could be depleted
at higher beam currents similar to the effects seen in electron-beam induced deposi-
tion and etching[114]. Second, if the gas provides incomplete charge dissipation or
screening, higher beam currents could lead to increased substrate charging. Finally,
increased beam currents could increase the local temperature of the irradiated re-
gion. The fluorescence properties of CDs fabricated by pyrolysis [115], hydrothermal
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[84, 85] and ultrasonic synthesis [81] have been found to be affected by the reaction
temperature, where a decrease in the PL yield with increasing reaction temperature
was observed. The decrease in PL yield with increasing reaction temperature was
attributed to consumption of the molecular fluorophores by the carbon core. More
recently Zhang et. al [116] demonstrated that there is an optimum reaction temper-
ature where the PL yield reaches the threshold value. Below the optimal reaction
temperature an increase in PL yield with increasing reaction temperature is observed,
which was suggested to result from an increase in the number of fluorescent polymer
chains. Beyond the optimal reaction temperature, the growth of the carbon core
consumes the fluorescent polymer chains resulting in reduced PL yield.

To investigate the effect of beam current on the PL yield of the fluorophores syn-
thesized by e-beam irradiation, patterns were exposed with increasing beam currents
under 1 mbar water vapor pressure at an electron dose of 15 mC cm−2. It is found
that the PL intensity decreases with increasing beam current (Figure 3.7a), and this
decrease is approximately linear over the range of currents considered (Figure 3.7b).
The reduction of PL with beam current is consistent with the effect of temperature
on PL yield of CDs synthesized by other methods [81, 84, 85, 115]. However, such
a result could also be consistent with sufficient substrate charging to repel electrons
and reduce the local dose and with depletion of the gas available for synthesis reac-
tions. Thus, further investigation is required to isolate the underlying mechanism of
beam-current dependence.

N-BK7 vs Soda lime glass substrate under 1 mbar water vapor:

To further understand the effect of water vapor on the PL intensity, we compared
integrated PL intensity for patterns exposed under high vacuum and 1 mbar of water
vapor pressure as a function of electron dose on N-BK7 and soda lime glass substrate
as shown in Figure 3.8. One of the primary differences between N-BK7 and Soda
lime glass lies in their chemical composition. The presence of mobile Na+ ions in
soda lime glass makes it effective for charge dissipation under high electric field.
Glasses containing alkali ions upon focused electron irradiation undergo significant
structural changes due to the formation of high electric field created by the trapped
electrons inside the exposed volume making the migration of ions easier until the
ions recombines with a free or trapped electrons [117, 118], thus, providing a charge
dissipation pathway.

Another difference between the two substrates is that the thermally conductivity
of N-BK7 is slightly hirer than that of soda lime glass, see Table 3.3. The reaction
temperature of the exposed region on soda lime glass substrate is also expected to be
slightly higher than on the N-BK7 substrate due to the lower thermal conductivity.
The integrated PL intensity from irradiated PS on soda lime glass is found to be
greater than on N-BK7 for exposure under high vacuum as well as under 1 mbar
water vapor. This is consistent with dose reduction by greater charging of N-BK7. It
could also be consistent with more efficient indicating that the increase in PL yield
with increasing reaction temperature, below the optimum temperature, resulting from
an overall increase in the number of fluorescent polymer chains [116].
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Figure 3.7: Beam current dependence on PL under 1 mbar water vapor on N-BK7
substrate; (a) PL intensity vs beam current and (b) Integrated PL intensity vs beam
current.
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Figure 3.8: N-BK7 vs Soda lime glass: Integrated PL intensity as a function of
exposure dose under 1 mbar water vapor. N-BK7 and soda lime glass substrate were
exposed at a beam current of 764 pA and 950 pA respectively.

Thus, slight differences in the electrical and thermal properties of the substrates
could lead to different reaction mechanisms for fluorophore formation resulting in
different PL characteristics for exposures under otherwise identical conditions. We
present a detailed analysis of PL enhancement on substrates with different electrical
and thermal properties later in section 3.3.3.

Transmission electron microscopy for patterns exposed on soda lime glass
substrates:

The nature of the CDs depends on the method of fabrication and varies with the
precursor material and the conditions used during synthesis [81, 84, 116, 119–121].
High-resolution TEM image of e-beam irradiated PS (on soda lime glass substrate)
under 1 mbar water vapor at an electron dose of 15 mC cm−2, shown in Figure 3.9a,
indicates that the irradiated film is amorphous in nature with no obvious lattices.
In our experiments we found that even for the high vacuum exposure the irradiated
films are amorphous in nature, Figure 3.9b, as opposed to the crystalline nature of
CDs obtained by similar e-beam exposure of PS [102].
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(a) 1 mbar water vapor

(b) High vacuum

Figure 3.9: TEM image of PS film on soda lime glass substrate irradiated at 15 mC
cm−2 under (a) 1 mbar water vapor and (b) high vacuum.
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(a) 1 mbar water vapor

(b) High vacuum

Figure 3.10: Elemental mapping EDS image of PS film on soda lime glass substrate
irradiated at 15 mC cm−2 under (a) 1 mbar water vapor and (b) high vacuum.

Energy dispersive X-ray Spectroscopy mapping for patterns exposed on
soda lime glass substrates:

The nature of CDs’ optical characteristics has been the subject of numerous investi-
gations. While some studies have claimed that certain CD subsets gives rise to the
optical characteristics [122], others have linked these to states originating from various
functional groups [123]. One frequently made hypothesis is that the primary absorp-
tion properties are derived from core states [124–127]. The luminescent property
of PS nanospheres formed by pulsed ultra violet laser radiation in air and vacuum,
revealed the production of carbonyl groups on the surface of PS by photochemical
oxidation is what causes the white luminescence [128].
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Elemental mapping EDS image of PS film irradiated at 15 mC/cm2 under 1 mbar
water vapor (Figure 3.10a) and high vacuum (Figure 3.10b) revealed no signs of film
oxidation. This means the origin of PL from the irradiated patterns likely results
from the core states of the CD’s or PAH’s that are formed. The absence of carbonyl
groups is also confirmed later in section 3.3.2 from the infrared spectrum obtained
for the irradiated patterns using FTIR spectroscopy.

3.3.2 PL enhancement with different gases on N-BK7 and soda lime glass
substrates:

In section 3.3.1, we demonstrated that the differences in the PL intensity on dif-
ferent substrates with or without the ambient gas in the chamber arises from the
differences in the thermal and electrical properties of the substrate. In an environ-
mental scanning electron microscope (ESEM) [43], the right selection of the ambient
gas, gas pressure, working distance, and electron beam energy allows the imaging of
electrically insulating material [129].

Here we expand our choice of ambient gas to include N2, Ar, and He to under-
stand how electron scattering in gases affects the PL intensity. Forward scattering
of electrons in gases affects the amount of absorbed dose by the resist and the beam
skirt radius from scattering in a gas can be approximated by [43]

Rs = 364
(
Z

E

)(
P

T

)1/2

L3/2, (3.1)

where a circle of radius RS, in meters, encompasses 90% of the scattered electrons,
Z is the effective atomic number 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. Skirt radius, hence electron scattering in gas, is directly proportional
to the effective atomic number of the scatterer gas when the gas pressure, gas path
length, temperature and beam energy of the incident electrons are kept constant.

Table 3.1: Total gas scattering cross-section at 20 keV

Gas Total gas scattering cross-section (cm2)
Argon 2.14 x 10−17 [130]
Nitrogen 1.62 x 10−17 [131]
Water 1.18 x 10−17 [131]
Helium 1.73 x 10−18 [130]

Fluorescence microscopy image of of patterns irradiated on soda lime glass sub-
strate under different gases is shown in Figure 3.11. Patterns were exposed at a beam
current of 950 pA under 1 mbar of gas pressure. We see that the emission color of the
patterns vary with electron dose and ambient gas, no significant scattering is observed
for patterns exposed under gaseous environments; for patterns exposed under high
vacuum conditions the formation of strong electrostatic fields at the sample surface
resulting from substrate charging leads to poor shape fidelity [132]. Comparison of
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Figure 3.11: Fluorescence microscopy image of irradiated patterns on soda lime glass
substrate. Dose ranged from 1.8 – 15 mC cm−2. 100 μm square patterns were exposed,
with a minimum of 100 μm spacing between each neighboring square, exposed at 950
pA under 1 mbar of gas pressure. The patterns from the top row to the bottom row
were exposed under water, nitrogen, argon, helium and high vacuum respectively.

integrated PL intensity for patterns exposed under high vacuum and different gases
at 1 mbar as a function of electron dose on N-BK7 (Figure 3.12a) and soda lime glass
substrate (Figure 3.12b) revealed

• at low doses, gas with lowest scattering cross section yields the highest PL
intensity; whereas at high doses the trend reverses, total gas scattering cross-
section of the gases used in this investigation at 20 keV is listed in Table 3.1.

• integrated PL intensity peaks at lower doses for exposure under helium on N-
BK7 substrate.

• on N-BK7 substrate exposure under water vapor is more conducive for fluo-
rophore formation while on soda lime glass substrate argon is more effective.

• electron scattering in gas alone is not the dominant mechanism for enhanced
PL as trend switches depending on dose and the choice of substrate.
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Figure 3.12: Integrated PL intensity as a function of electron dose under 1 mbar gas
pressure on (a) N-BK7 substrate at a beam current of 764 pA (b) soda lime glass
substrate at a beam current of 950 pA.
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It was also found that the emission peak blue-shifts with increasing gas pressure
under all gases as observed for exposure under water vapor and the position of the
emission peak is dictated by the gas pressure. The highest PL yield for exposures on
N-BK7 and soda lime glass substrate was observed for exposure on soda lime glass
substrate under argon gas. Therefore, more extensive characterization were performed
only for patterns irradiated on soda lime glass substrate in order to understand how
different gases affects the composition of the irradiated patterns.

Fourier-transform infrared spectroscopy for patterns exposed on soda lime
glass substrates:

Important vibration bands in PS, listed in Table 2.3, lies at: 1453 which represents
the —CH2 bend of the carbon backbone; aromatic sp2 carbon stretches lie at 1602;
the symmetric and asymmetric C—H stretches on the backbone lies at 2851 and 2925;
and the aromatic C—H stretches lies at 1492, 3029, 3061 and 3083.

Table 3.2: Important vibrational mode assignments for PS from FTIR reflection data

Wavenumber (cm−1) Modes
1453 —CH2 bending
1492 C—H aromatic stretches
1602 C=C aromatic stretches
2851 and 2925 C—H symmetric & asymmetric stretches (backbone)
3029, 3061 and 3083 C—H aromatic stretches

Under high vacuum as well as for exposure under gases, Figure 3.13 and 3.14, the
aromatic sp2 carbon are preserved which suggests the PL observed upon irradiation
originates from the aromaticity of the phenyl group. Under high vacuum the —CH2

of the backbone, the C—H stretches of the backbone as well as the aromatic ring dis-
sociate more rapidly compared to exposure under gases. We are preserving hydrogen
both on the backbone and the aromatic ring as well as slowing down the breaking of
C—C backbone under gases. Thus under gaseous environment the decay of aromatic
and aliphatic C–H stretches is reduced compared to high vacuum exposure; in all
cases (under high vacuum as well as gases), features associated with the phenyl rings
are preserved, resulting in enhanced PL from PS irradiated under gases.
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Figure 3.13: Exposure under high vacuum and 1 mbar gas pressure at 1.8 mC cm−2
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Figure 3.14: Exposure under high vacuum and 1 mbar gas pressure at 15 mC cm−2
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3.3.3 PL enhancement on other insulating, conducting and semi-conducting
substrates under ambient gases:

The presence of a benzene ring in a material’s molecular structure also has a significant
impact on its charging properties [133, 134]. The benzene rings in the sample acts as
deep traps to stop the injection of extra charge into the bulk of the sample. High-
energy electrons are attracted to the benzene rings, where their kinetic energy is lost
energy by the resonance effect of the benzene rings. As a result, the chain scission
of the polymer backbone is prevented. Benzene ring-containing polymers avoid an
excessive buildup of electrons in their bulk, charge builds up over time and eventually
saturates after a few minutes.

Silicon and ITO coated glass mitigates charge completely and the integrated PL
intensity is proportional to the electron dose and is almost independent of the gas
(Figure 3.15). Thus, on conductive substrates PL is not influenced by the presence of
a gas. Photon-yield on conductive substrates is significantly smaller than that yield
from insulating substrates. On sapphire the integrated PL intensity is factor of 2
or more higher than on Si (sapphire and silicon have similar thermal conductivity,
Table 3.3 lists the thermal conductivity of substrates at room temperature), and PL
shows a gas dependence. Integrated PL intensity varies inversely with the thermal
conductivity of substrates; soda lime glass being least thermally conductive yields the
highest PL yield.

Table 3.3: Thermal conductivity of substrates at room temperature

Substrate Thermal conductivity (Wm−1K−1)
Silicon 69-157
ITO 4
Soda lime glass 0.7
N-BK7 1.11
Fused Silica 1.38
Sapphire 40

On electrically insulating substrates the PL is influenced by the presence of a gas
(Figure 3.16), this could possibly result from the differences in the charge dissipation
with different gases. The degree of charge dissipation depends on the ionization coeffi-
cient of gases as well as the experimental conditions used such as working distance and
the gas pressure. With fixed working distance and gas pressure the degree of charge
dissipation is a function of ionization coefficient of gases. Gases mitigate charging
to different degrees and does not eliminate it completely and contribute to the en-
hancement in PL. Thus, on substrates with similar thermal conductivity, substrate
charging affects the process of fluorophores formation and significantly influences the
PL.

Gas influences the charging of substrates affecting the formation of fluorophores
resulting in an enhanced integrated PL intensity on soda lime glass where the 5x
enhancement compared to Si is seen. Highest integrated PL intensity is observed on
soda lime glass substrate, which is least thermally conductive of the substrates used
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Figure 3.15: Integrated PL intensity on conducting substrates as a function of electron
dose under 1 mbar gas pressure exposed at a beam current of 950 pA on (a) Silicon
and (b) ITO coated soda lime glass.
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Figure 3.16: Integrated PL intensity on insulating substrates as a function of electron
dose under 1 mbar gas pressure exposed at a beam current of 950 pA on (a) Fused
Silica and (b) Sapphire.
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Table 3.4: Thermal conductivity of gases at room temperature

Gas Thermal conductivity (Wm−1K−1)
Argon 17.7 x 10−3 [135]
Nitrogen 25.9 x 10−3 [135]
Water 18.6 x 10−3 [135]
Helium 155.7 x 10−3 [135]

Table 3.5: Gross ionization cross-section at 20 keV

Gas Gross ionization cross-section (cm2)
Argon 7.8 x 10−18 [136]
Nitrogen 7.0 x 10−18 [136]
Water 5.4 x 10−18 [137]
Helium 9.5 x 10−19 [136]

in this study. As we have seen earlier electron scattering in gas does not significantly
affect the PL and slight differences in thermal conductivity’s of substrates results in
different PL characteristics as described in Section 3.3.1, the difference in integrated
PL intensity on soda lime glass and Si can be attributed to the differences in thermal
conductivity’s of substrates as well as the gas. Helium is much more thermally con-
ductive, and we see a lower integrated PL intensity on soda lime glass under helium.
Argon and water have similar thermal conductivity’s, see Table 3.4 where the thermal
conductivity of gases at room temperature is tabulated, but their scattering cross-
section and ionization cross-section (Table 3.5 provides the ionization cross-section of
gases at 20 keV) are not similar which results in the differences in charging leading to
the differences in PL. If we assume that all gases are mitigating charge well, then the
PL increases as thermal conductivity of gas decreases. Thus on insulating substrates,
substrate charging, thermal conductivity of substrates as well as the gases influences
the process of fluorophore formation, significantly influencing the PL.
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3.4 Summary and conclusions

We provide a novel way to tune the emission wavelength and enhance the fluorescence
intensity simultaneously. PL intensity of the patterns exposed under high vacuum,
indicates a red-shift in the emission wavelength and an increase in the PL intensity
as the electron dose is increased, which is consistent with prior work on electron
irradiated PS. The novelty of this work is to tune the emission wavelength and photon
yield simultaneously by varying both dose and gas pressure. For exposure under
gaseous environment, with increasing electron dose the PL yield peaks and gradually
decreases after a critical threshold electron dose is reached.

Water vapor significantly increased the photon yield on N-BK7 substrate with a
maximum occurring at 1 mbar pressure, a result which cannot be explained by simple
electron scattering in the gas; the emission peak is found to blue-shift with increasing
gas pressure. Peak emission wavelength can be tuned over a wide wavelength range by
varying gas pressure. Comparison of integrated PL intensity on N-BK7 and soda lime
glass substrate revealed that slight differences in electrical and thermal properties of
substrates leads to different PL characteristics for exposures under otherwise identical
conditions.

On N-BK7 substrate exposure under water vapor is more conducive for fluorophore
formation while on soda lime glass substrate argon is more effective. For exposure
on soda lime glass substrate under water vapor, high-resolution transmission electron
microscope image revealed e-beam irradiated PS are amorphous in nature and ele-
mental mapping EDS revealed no signs of oxidation of the film. FTIR spectroscopy
revealed that under gaseous environment the decay of aromatic and aliphatic C–H
stretches is reduced compared to the high vacuum exposure; in all cases, features
associated with the phenyl rings are preserved.

Up to 18x enhancement in fluorescence yield can be achieved on Sapphire sub-
strate for exposure under helium. Overall, the highest PL yield is observed on soda
lime glass substrate under argon environment. Photon-yield on conductive substrates
is significantly smaller than that yield from insulating substrates. Substrate charg-
ing, thermal conductivity of substrates as well as the gases influences the process
of fluorophore formation, significantly influencing the PL. The differences in the PL
characteristics could arise from factors such as higher thermal conductivity of or
fluorescence quenching by conductive substrates.

While understanding the possible physical mechanisms lead to the following con-
clusions that

• Electron scattering in gas is not responsible for the enhanced PL.
• Insulating substrates exhibits gas dependent PL.
• PL is further affected by the thermal conductivity of the gas.
Thus, localized e-beam synthesis of fluorophores in PS can be controlled by both

dose and by ambient gas pressure. This technique could enable new approaches to
photonics where fluorophores with tunable emission properties can be locally intro-
duced by e-beam patterning.

Copyright© Deepak Kumar, 2024.
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Chapter 4 Enhanced contrast and high-resolution patterning of PMMA
on insulating substrates under ambient gases

4.1 Introduction

Lithography is the process of transferring a pattern to a material from either a physical
template or a digital design. Electron beam lithography (e-beam lithography or EBL)
which first emerged in the late 1960s, uses nanometer sized focused electron beam
for pattern transfer by irradiating substrates that have been coated with organic/
inorganic thin film resist that is sensitive to electrons. The solubility of the resist
changes upon exposure to the electron beam, allowing for the selective removal of
either the exposed region (positive-tone resist) or unexposed region (negative-tone
resist) of the resist in a suitable developer solution. The pattern is finally transferred
either by etching or lift-off.

The primary advantage of electron beam lithography over other lithographic tech-
niques is that it provides (i) maskless patterning process; (ii) high resolution transfer
of complex patterns (with dimensions down to a few nanometers and not diffraction
limited); and (iii) highly automated and precisely controlled operation. Nanometer
feature sizes can be fabricated using e-beam lithography due to its short wavelength.
Electron beam lithography is a low throughput process which limits it’s usage to pho-
tomask fabrication in industry, small volume production of semiconductor devices,
and research purposes. However, there are few alternatives for defining structures at
the few nm length scale (Figure 4.1).

A number of different applications, including micromechanical fabrication, fabri-
cation of semiconductor devices, direct write organic lasers, diffractive optic elements
such as photonic–crystal enhanced lasers, sub-wavelength waveguides, split-ring res-
onators etc., requires electrically insulating substrates. However, using electron-beam
lithography to pattern on electrically insulating substrates is often challenging be-
cause of charging effects. Considering the high beam energies employed (typically
30-100 kV) during electron beam lithography, most of the electrons are deposited in
the substrate. When the substrate is electrically insulating strong electrostatic fields
are created at the sample surface which leads to deflection of the incident electron
beam resulting in poor shape fidelity, severe pattern placement error [139], and even
dielectric breakdown of the resist.

Several methods have been developed to mitigate substrate charging while per-
forming electron beam lithography exposure process on insulating substrates. Current
existing methods makes use of:

1. Critical Energy Electron Beam Lithography (CE-EBL) [140]
2. Conductive polymers [141]
3. Deposition of thin metal layers either on top or underneath the resist [142, 143]
4. Variable pressure electron beam lithography (VP-eBL) [7]
CE-EBL takes advantage of the crossover energies to minimize pattern distortion

from surface charging. However, there are several limitations for CE-EBL [140]:
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Figure 4.1: Resolution of different lithographic techniques as a function of throughput
[138], figure reproduced from Pala N and Karabiyik M. Electron Beam Lithography
(EBL). en. Encyclopedia of Nanotechnology. Ed. by Bhushan B. Dordrecht: Springer
Netherlands, 2012 :718–40. Reproduced with permission from Springer Nature.

(i) the resist thickness cannot be more than the penetration depth of the electron
beam and (ii) the resist’s crossover voltage depends on the substrate and the resist’s
thickness as well as material properties. Owing to these limitations CE-EBL may
not be practical to reduce charging effects. Conductive polymers used for charge
dissipation also may not be a viable alternative as conducting polymers are prone to
a shorter shelf life and more likely to experience pH drift, with conductivity decreasing
when the pH moves outside of the optimum range, increasing the risk of contamination
upon precipitation of the polymers [144].

The most common method used for charge dissipation purpose in electron beam
lithography involves coating thin metal layers either on top of or underneath of the
electron-beam resist [142, 143]. Cumming et al. coated PMMA plate with a 30 nm
metal film prior to exposure to find that the charging problem was dependent on beam
current and independent of the dose, which places an upper limit on the beam current
that can be used in any desired range of doses, hence limiting the write speed [142].
Characterization of contrast and resolution of a metal coated (aluminum, chromium,
or copper) electron-beam resist revealed that lower atomic number metal coatings
altered clearing dose and contrast but did not degrade resolution at the 40 nm scale
[143].

However, the drawbacks of using coatings of thin metal layers to reduce charging
is that it requires film deposition prior to exposure and film removal prior to devel-
opment which can extend the process time, thus, severely impacting the throughput.
Another important aspect that must be considered is the method used to deposit
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the metal layer. When compared to a thermally deposited aluminum layer, electron
beam evaporation technique results in edge roughness that is more than three times
higher and also increases the sensitivity of the resist to small dose variations [145].
X-rays and electrons generated in the electron beam evaporator while deposition can
also expose the resist [146].

Finally, Variable-pressure electron-beam lithography (VP-EBL) which employs
an ambient gas at subatmospheric pressures to reduce charging during electron-beam
lithography on electrically insulating substrates has been found to be an efficient
method which doesn’t impact the throughput of the process. Paul & Klimkiewicz
[147] introduced the idea of employing an environmental scanning electron micro-
scope (ESEM) as a tool for electron beam lithography. Previous works demonstrated
that low pressure electron beam lithography can eliminate distortion and improve
resolution when patterning PMMA on conducting [148] and insulating substrates [7];
there is a decrease in linewidth variability as chamber pressure increases. When using
low-pressure electron beam lithography, there exists a trade-off between resist charg-
ing and decreasing linewidth dimensions [148]. However, no data is available on how
the ambient gas affects the contrast of the process and the resolution of highly dense
patterns.

In this work, VP-EBL was conducted to study the effect of ambient gases on con-
trast, clearing dose and resolution of PMMA on insulating substrates. To our knowl-
edge, these are the first studies of molecules other than water for EBL in gaseous
environments. From contrast curves of PMMA on fused silica exposed under 1 mbar
of helium, water, nitrogen and argon yielded contrast values of 13.6, 8.6, 7.7 and 9.7,
respectively. Once charging is mitigated effectively by an ambient gas, the contrast of
the process on insulating substrates is significantly higher than on silicon. The clear-
ing dose increases with the gases’ molecular weight and proton number, consistent
with the increase in scattering cross-section. resolution testing indicated that despite
the lower clearing dose, helium still exhibited the best resolution with 25-nm half-
pitch dense lines and spaces clearly resolved on soda lime glass. To our knowledge,
this is the highest resolution demonstrated to date for EBL in a gaseous environment.

4.2 Experimental details

4.2.1 PMMA spin coating

PMMA (950 K molecular weight, MicroChem Corp.) was diluted using anisole (Mi-
croChem Corp.) to make 4 wt. % and 1 wt. % solution for contrast and resolution
experiments respectively. The PMMA solution thus prepared was spin coated onto a
n-type 〈100〉 silicon, fused silica and soda lime glass substrate at 500 rpm for 5 s to
give a uniform layer and then spun at 4000 rpm for 1 min to set the desired thickness.
Next, the spin-coated substrates were heated on a hot plate at 180°C for 120 s to
remove any residual solvent. Ellipsometry (M-2000, J. A. Woollam Co. Inc.) was
used to measure the final film thickness of the spin-coated PMMA film. The final
resist thickness for the contrast and resolution experiments were measured to be 284
nm and 39 nm, respectively.
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4.2.2 Variable-pressure electron-beam lithography process

An ELPHY Plus pattern generator (Raith GmbH) coupled with a FEI environmental
scanning electron microscope (Quantum FEG 250) with a fast beam blanker was used
for the VP-EBL process. An analytical working distance of 10 mm and a beam energy
of 30 keV were 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 ithographic exposure. Gold nanoparticles deposited onto
PMMA were used for focusing and as marker during patterning.

First set of experiments relate to obtaining contrast curves of the resit exposed
under different ambient gases on different substrates. For the contrast experiments,
20 × 100 μm2 rectangular structures were exposed under high vacuum and 1 mbar
of ambient gases (water vapor, helium, nitrogen and argon) with areal exposure dose
ranging from 10 – 300 μC cm−2 with a step size of 12.8 nm and a beam current of
89 pA. An electron-beam energy of 30 keV was chosen to reduce beam scattering
in both water vapor and the resist, as well as to distribute backscattering to the
largest range possible [37]. Each adjacent rectangle was given a 20 μm spacing to
minimize proximity effects from backscattering. To minimize any variations between
the exposures, patterns exposed under high vacuum and gases were placed on the
same sample 400 μm apart from each other. The exposed film was developed in 1:3
MiBK: IPA for 60 s at room temperature followed by 30 s IPA rinse. Thickness
measurements of the resulting resist surface after development were conducted using
a Dektak 6 M (Veeco, Inc.) surface profiler.

Second set of experiments was related to finding the resolution limits for exposure
under gaseous environment. For the resolution experiments, “nested-L” structures,
10, 15, 20, 25, 50, 100 and 200 nm half-pitch were exposed under high vacuum and
1 mbar of ambient gases (water vapor, helium, nitrogen and argon) with line dose
ranging from 50 – 700 pC cm−1 in the increments of 50 pC cm−1 with a step size of 3.2
nm and a beam current of 68 pA. Each adjacent ”nested-L” pattern was given a 4 μm
spacing. The exposed film was developed in 4:1 ethanol: water for 45 s at 3 °C followed
by 10 s IPA rinse, cold development has been demonstrated to provide improved
resolution with reduced line edge roughness [149]. After exposure and development
the samples were sputter coated with 5 nm of gold. An FEI environmental scanning
electron microscope (Quantum FEG 250) and imageJ were used for the line-width
measurements.
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4.3 Results and discussions

4.3.1 Effect of ambient gases on contrast and sensitivity of PMMA on
insulating substrates

Sensitivity

Sensitivity is the inherent property of the resist and is defined as the minimum dose at
which the exposed resist is soluble in the developer solution. Sensitivity, S, (referred
here as dose to clear (DC)) is often expressed in micro coulombs per square centimeter
as:

S =
e.Ne

A
(μC/cm2) (4.1)

where e is the electron charge, Ne is the number of electrons and A is the area of the
resist exposed. Resist sensitivity depends on a large number of parameters including:
resist material, resist thickness, developer, development time and temperature as
well as the beam energy used for the exposure. These parameters are manipulated to
maximize yield and reproducibility by achieving high resolution and high throughput
result with large process window. High sensitivity of a resist is critical for a number
of reasons (i) during e-beam exposure most of the deposited energy is converted to
heat, causing temperature rise in the resist. Localized heating can lead to dynamic
wafer distortion causing significant overlay error [150] and pattern distortion [151];
(ii) the resolution, which is linked to the beam current [152], can be improved by
reducing the beam current for a given throughput. Thus, high sensitivity resists are
needed to increase the throughput.

Contrast

The resist contrast, which measures how non-linearly the development process re-
sponds to the chemical contrast created in the material after exposure, is crucial in
figuring out the minimum image modulation that can be effectively transformed into
a developed resist image. Contrast indicates how abruptly the thickness changes with
dose, which affects resolution as well [138]. Combining contrast and sensitivity, the
contrast curve of a resist can be obtained by plotting the residual resist thickness
as a function of increasing electron dose (Figure 4.2) Higher contrast values result
in steeper sidewall angles. Reducing the polydispersivity of the starting polymer
enhances both the contrast and sensitivity. Higher contrast value is essential for
conventional IC manufacture, however, low contrast values are desired for producing
quasi-3D structures such as diffractive optics. [153].

The nature of the development process after the exposure determines the contrast
value and is dependent on a number of elements including temperature, development
time, developer solvents, and resist properties. Significant enhancement in contrast,
at the cost of reduced sensitivity, is obtained for thick PMMA films developed at
lower temperatures [154]. Where as, for thin resist films decreasing the development
temperature has no discernible impact on contrast while reducing the sensitivity
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Figure 4.2: Normalized resist thickness versus normalized dose for a positive-tone re-
sist with different dissolution rates [153]. Figure reproduced from Liddle JA, Gallatin
GM, and Ocola LE. Resist requirements and limitations for nanoscale electron-beam
patterning. MRS Online Proceedings Library (OPL) 2002; 739:H1–5. Reproduced
with permission from Springer Nature.

Table 4.1: Contrast (γ) and dose to clear (DC in μC cm−2) of PMMA on silicon
substrate under high vacuum and 1 mbar pressure of ambient gases.

High vacuum He H2O N2 Ar
Contrast (γ) 10.3±0.5 10.7±0.7 12.6±0.5 8.4±0.4 8.4±0.5
Dose to clear (DC) 138±1 138±1 134±0 147±1 155±1

Table 4.2: Contrast (γ) and dose to clear (DC in μC cm−2) of PMMA on fused silica
substrate under high vacuum and 1 mbar pressure of ambient gases.

High vacuum He H2O N2 Ar
Contrast (γ) – 13.6±1.4 8.6±0.9 7.7±0.4 9.7±0.3
Dose to clear (DC) – 104±1 147±2 141±1 148±0

Table 4.3: Contrast (γ) and dose to clear (DC in μC cm−2) of PMMA on soda lime
glass substrate under high vacuum and 1 mbar pressure of ambient gases.

High vacuum He H2O N2 Ar
Contrast (γ) 9.5±0.6 11.7±0.8 9.4±0.3 8.8±0.6 8.8±0.3
Dose to clear (DC) 114±1 117±1 122±0 128±1 133±0
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of PMMA to the developer[155]. The dose to clear is also greatly influenced by
the choice of developer solvents and rinse solution. For PMMA, ethanol/water at
a 4:1 volume ratio offers a non-toxic viable alternative with superior contrast and
resolution over other developers [42]. Other method to improve the resist contrast
uses ultrasonically-assisted development, 3:7 water:IPA composition was found to be
optimum for sensitivity and contrast [156]. 200 keV EBL exposures lead to higher
contrast than 30 keV exposures [30].

The results from the first set of experiments that relate to the contrast and sen-
sitivity measurements of PMMA exposed under high vacuum conditions and gaseous
environments, the experimental data for contrast curves on different substrates is
presented in Figure 4.3; and the fitted contrast and dose to clear values are presented
in Table 4.1, 4.2 and 4.3. The fitted contrast curves for exposure of PMMA on silicon,
fused silica and soda lime glass are shown in Figure 4.4, 4.5 and 4.6 respectively. 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 data set are shown
in the inset. Uncertainties represent the standard error of the fitted parameter. The
patterns on fused silica exposed under vacuum conditions were quite distorted to infer
any meaningful data for contrast value, hence, have not been presented here.

The dose to clear and contrast value of PMMA on silicon for exposure under
vacuum conditions in Table 4.1 is higher than that presented in Chapter 2 Table 2.2.
The differences in the dose to clear and contrast values for exposure in otherwise
identical conditions is because of the differences in the thickness of PMMA and the
development temperature. The thickness of PMMA on silicon presented in Chapter 2
was 171 nm vs 284 nm thick PMMA for the data presented here in Chapter 4. Despite
the differences the water vapor yields similar or higher contrast values on soda lime
glass and silicon substrates without a significant change in the dose to clear when
compared to exposure under vacuum conditions, there results are consistent with our
previous work.

On insulating substrates exposure under gaseous environment yields improved or
degraded contrast values compared to vacuum exposure. Especially, exposure under
nitrogen and argon results in comparable or degraded contrast values with an increase
in the clearing dose compared to vacuum exposure irrespective of the substrate. The
clearing dose was found to increase with the gases’ molecular weight and proton
number, consistent with the increase in scattering cross-section. The dose to clear
and the contrast value for exposure under helium environment of PMMA on silicon
is similar to that of the vacuum exposures. However, the contrast value for exposure
under helium of PMMA on fused silica and soda lime glass is significantly higher,
without a significant impact on the dose to clear.

The use of VP-EBL to pattern under gaseous environment involves the interac-
tions of incident electrons in the gas and the subsequent formation of positive ion
by-products that makes many interdependent parameters impacting the exposure
process in several ways (i) scattering of electrons in the gas could lead to a reduced
effective absorbed dose in the resist, and (ii) the incident primary electrons slows
down under the applied detector voltage, resulting in a decreased landing energy
which affects the beam penetration as well as the interaction volume, electron emis-
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sion, and charging [157]. Forward scattering in gas significantly affects the exposure
process, Danilatos [43] showed that the beam skirt radius from plural scattering in a
gas can be approximated by

Rs = 364
(
Z

E

)(
P

T

)1/2

L3/2, (4.2)

where a circle of radius Rs, in meters, encompasses 90% of the scattered electrons,
Z is the effective atomic number 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. The effective atomic number for helium, water, nitrogen and
argon are 2, 7.42, 7 and 18 [43], respectively. For the conditions considered here, the
skirt radius for helium, water, nitrogen and argon are 14 μm, 52 μm, 49 μm and 126
μm, respectively.

In an environmental SEM, secondary electrons emitted from the sample are accel-
erated toward a positively biased detector and multiplied as they ionize the ambient
gas. The secondary electron cascade is collected by the detector, and the resulting
ions are accelerated toward the grounded or negatively charged substrate. As dis-
cussed by Thiel, the multiplication factor, g, and thus the approximate number of
ions per secondary electron, is given by

g = eαd (4.3)

where α is the first Townsend ionization coefficient and d is the detector-sample
distance. The ionization coefficient is given by

α = A · Pe−B·P ·d·V0 (4.4)

where A and B depend on the gas, and P is the pressure.

Table 4.4: Values of A and B in first Townsend ionization coefficient for gases

Gas A(mm−1Torr−1) B(V mm−1Torr−1)
Helium [158] 4.08x10−3 3.55x10−1

Water [159] 1.00 21.6
Nitrogen [158] 2.13x10−1 15.7
Argon [160] 2.80x10−1 6.06

The working distance, applied detector voltage and the gas pressure were kept
constant during our experiments. For a fixed working distance, applied detector
voltage and the gas pressure, it is evident from equation 4.3 and Table 4.4 that the
effectiveness of charge dissipation for different gases would be different. The above
was also evident from the imaging of the gold nanoparticles that were used for focusing
during the experiments, helium was found to be more effective than water for charge
dissipation as can be seen in Figure 4.7. Therefore, effective charge dissipation and
reduced electron scattering in gas correlates with the high contrast values obtained
for exposure under helium environment, but establishing detailed mechanism requires
more research.
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Figure 4.3: Experimental data showing normalized resist thickness vs exposure dose
for resist (PMMA) exposure under different ambient gases on (a) silicon, (b) fused
silica, and (c) soda lime glass substrates.

4.3.2 Effect of ambient gases on high-resolution patterning of PMMA on
insulating substrates

Proximity Effect

For high-resolution highly dense patterns electron scattering in resist and substrate
leads to the unintended exposure of adjacent features causing the adjacent features
to receive higher than originally intended total electron dose, this effect is well known
as the proximity effect. Proximity effect is the most severe factor that limits the ulti-
mate achievable resolution by electron beam lithography process. There are numerous
studies investigating the proximity effect theoretically and experimentally providing
correction methods to minimize it’s effect [161–175]. Backscattered electrons con-
tribute severely to proximity effect [161, 167]. For a given electron beam lithography
tool and material, proximity effect is mostly influenced by the mask design and pro-
cess parameters. Proximity effect if significantly influenced by the shape [163], size
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Figure 4.4: Fitted contrast curve (PMMA on silicon) for exposure under (a) High
vacuum; 1 mbar of (b) Helium, (c) Water Vapor, (d) Nitrogen, and (e) Argon.
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Figure 4.5: Fitted contrast curve (PMMA on fused silica) for exposure under (a)
High vacuum; 1 mbar of (b) Helium, (c) Water Vapor, (d) Nitrogen, and (e) Argon,
respectively.
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Figure 4.6: Fitted contrast curve (PMMA on soda lime glass) for exposure under (a)
High vacuum; 1 mbar of (b) Helium, (c) Water Vapor, (d) Nitrogen, and (e) Argon.

67



(a)

(b)

Figure 4.7: SEM image of the gold nanoparticles on fused silica used for focusing
before exposure under (a) Helium, and (b) Water; It’s evident that helium dissipates
charge more effectively than water.
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and density of the patterns, atomic weight of the substrate, exposure dose [164], de-
velopment conditions as well as the beam energy of the primary electrons used for
exposure. Inherently proximity effect is unavoidable but it’s effect can be minimized
by employing proximity effect compensation techniques as well as using proximity
effect correction (PEC) tools. The aim of our present work was to investigate the
effect of ambient gas on the contrast, sensitivity and resolution during exposure and
no efforts were made to minimize proximity effect except for employing cold devel-
opment for the highly dense patterns, therefore the result presented in this paper is
only for qualitative analysis.

Resolution

Resolution is defined by the minimum feature size of isolated structures or the smallest
half-pitch of dense structures that can be patterned. Forward scattering of the beam
in the resist and substrate adversely impacts the resolution. Resolution is very closely
related to both the sensitivity and contrast. It also becomes necessary to consider
other factors including exposure charge density, beam accelerating voltage, resist
thickness and resist development process. Fabricating sub-10 nm half-pitch features
was found to be limited by the resist-development process [30]. Resist collapse upon
development tends to limit resist film thicknesses to no more than three times the
minimum feature size for a typical resist.

Feature size (L) can be expressed as a function of exposure dose (D) and the
number of electrons used for exposure (Ne) by the following equation:

L =
(
eNe

D

)1/2

(4.5)

High resolution “nested-L” structures, 25 nm half-pitch; PMMA on soda lime
glass exposed at 300 pC cm−1 and 30 keV beam energy under (a) high Vacuum;
and (b) 1 mbar helium, is shown in Figure 4.8. Despite the lower clearing dose,
helium still exhibited the best resolution with 25-nm half-pitch dense lines and spaces
clearly resolved on soda lime glass. To our knowledge, this is the highest resolution
demonstrated to date for EBL in a gaseous environment. From the experiments it
is also found that the process window for high resolution patterns gets smaller with
increasing atomic number of the scatterer gas.
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(a)

(b)

Figure 4.8: High resolution “nested-L” structures, 25 nm half-pitch; PMMA on soda
lime glass exposed at 300 pC cm−1 and 30 keV beam energy under (a) high Vacuum;
and (b) 1 mbar helium.
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4.4 Summary and conclusions

In this work, VP-EBL was conducted to study the effect of ambient gases on contrast
and resolution of PMMA on insulating substrates. To our knowledge, these are the
first studies of molecules other than water for EBL in gaseous environments. E-beam
exposures were conducted under various gases to study their effect of on contrast
of PMMA on insulating substrates, the contrast curves for PMMA on fused silica
exposed under 1 mbar of helium, water and argon yielded contrast values of 13.6, 8.6
and 9.7, respectively. The clearing dose increases with the gases’ molecular weight
and proton number, consistent with the increase in scattering cross-section. Our
results for PMMA on silicon exposed under 1 mbar water vapor pressure yielded a
contrast of 12.6, however, the contrast degrades on insulating substrates and yields
distinct values on fused silica and soda lime glass. The degree to which the charge
is dissipated under gaseous environment on different substrates is different, resulting
in degraded contrast. Helium exhibits improved contrast in all cases. The improved
contrast and sensitivity of PMMA exposed under helium motivated us to study the
resolution under various gases. Resolution testing indicated that despite the lower
clearing dose, helium still exhibited the best resolution with 25-nm half-pitch dense
lines and spaces clearly resolved on soda lime glass. To our knowledge, this is the
highest resolution demonstrated to date for EBL in a gaseous environment. Thus,
VP-EBL of PMMA under helium yields higher sensitivity and contrast on insulating
substrates without sacrificing resolution.

Copyright© Deepak Kumar, 2024.
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Chapter 5 Summary and Future work

5.1 Effect of water vapor pressure on positive and negative tone electron-
beam patterning of poly(methyl methacrylate)

In this part of the dissertation, we proved that water vapor pressure affects the con-
trast and sensitivity during the positive- and negative-tone electron-beam patterning
of PMMA on silicon. The results of this study suggest that water vapor did not
dramatically affect the sensitivity of PMMA for the positive-tone patterning at vapor
pressures up to 3 mbar. In contrast, water vapor dramatically increased the onset
dose for negative-tone patterning. However, the contrast of the positive- and the
negative-tone process improved in the presence of water vapor. Scattering in water
vapor can control the size of the cleared region around negative-tone patterns provid-
ing 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 empha-
size the dramatic expansion of the lithographic parameter space when conducting
electron-beam lithography under reactive gases.

For future work, experiments can be performed to establish the radiation-chemical
mechanisms with variable-pressure electron beam lithography that leads to improved
contrast under water vapor during the positive- and negative-tone electron-beam
patterning of PMMA.

5.2 Enhanced fluorescence from Polystyrene using gas assisted electron-
beam patterning

In this part of the dissertation, we reported on a novel method for tuning and enhanc-
ing fluorescence properties from polystyrene through electron-beam irradiation under
gaseous environments. The results proved that the emission wavelength and photon
yield of the irradiated film can be tuned by both dose and gas pressure, significant
enhancements in the photoluminescence intensity – up to about 18 times on Sapphire
substrate under helium environment compared to high-vacuum exposure – were ob-
served. Overall, the highest photoluminescence yield is observed on soda lime glass
substrate under argon environment. Also, the photon-yield on conductive substrates
is significantly smaller than that yield from insulating substrates. The peak emission
wavelength blue-shifts with increasing gas pressure and could be tuned in the 451 –
544 nm range by varying dose and gas pressure. Thus, localized e-beam synthesis of
fluorophores in polystyrene can be controlled by both dose and by ambient gas pres-
sure. This technique could enable new approaches to photonics where fluorophores
with tunable emission properties can be locally introduced by e-beam patterning.
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For future work, localized e-beam synthesis of fluorophores with higher PL yield
and tunable emission properties presented here can be applied to wide range of re-
search fields including directly writing organic solid state lasers, optical markers for
anti-counterfeit applications and optical imaging for biomedical applications.

5.3 Enhanced contrast and high-resolution patterning of PMMA on in-
sulating substrates under ambient gases

In this part of the dissertation, we studied the effect of ambient gases on contrast
and resolution of PMMA on conducting and insulating substrates. E-beam expo-
sures were conducted under vacuum conditions and 1 mbar of water vapor, helium,
nitrogen and argon to study their effect on contrast and resolution of PMMA on
silicon, fused silica and soda lime glass substrates. On silicon, exposure under water
vapor yielded contrast values significantly higher than vacuum exposure, consistent
with our previous work. However, exposure under helium yielded slightly improved
contrast compared to vacuum exposure. On insulating substrates exposure under
helium environment yielded contrast values significantly higher compared to vacuum
exposure. The clearing dose was found to increase with the gases’ molecular weight
and proton number, consistent with the increase in scattering cross-section. The im-
proved contrast and sensitivity (dose to clear) of PMMA under helium motivated us
to study the resolution under various gases. Resolution testing indicated that despite
the lower clearing dose, helium still exhibited the best resolution with 25-nm half-
pitch dense lines and spaces clearly resolved on soda lime glass. Thus, VP-EBL of
PMMA under helium yields higher sensitivity and contrast on insulating substrates
without sacrificing resolution.

For future work, electron beam lithography process could be modeled for exposure
under gaseous environment to calculate the energy loss in a resist and determine the
dissolution rate of the resist to accurately predict the resist profile.

Copyright© Deepak Kumar, 2024.
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Appendix

Effect of water vapor on contrast and sensitivity during electron beam
patterning of ZEP-520A on Silicon substrate

ZEP-520A, a chloromethacrylate-methylstyrene copolymer, is a commonly used al-
ternative to PMMA when higher sensitivity and better etch resistance is required.
Thus, we studied the positive tone exposure of ZEP-520A as a function of water vapor
pressure as shown in Figures A1, A2 and A3. Unlike PMMA, ZEP showed improved
contrast (from 6.9 up to 8.6) under water-vapor for all pressures considered. Regard-
ing dose-to-clear, ZEP and PMMA behaved similarly under water-vapor with only
an 9% increase in dose to clear at 3 mbar compared to high-vacuum exposure. Thus,
for ZEP-520A, any choice of water-vapor pressure up to 3 mbar will yield improved
contrast with little loss in sensitivity.

Figure A1: Contrast curves for positive-tone ZEP-520A exposed at high vacuum
and under various water vapor pressures. No dramatic changes in the shape of the
contrast curves were observed, but changes in contrast and dose-to-clear, DC , were
present.
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(a) ZEP-520A contrast as a function of water-vapor pressure. Contrast improves slightly
as pressure increases and is always higher than that observed for high vacuum exposure.
Shaded region represents the 95% confidence interval for the fit.

(b) ZEP-520A dose-to-clear vs. water vapor pressure.

Figure A2: ZEP-520A (a) Contrast and (b) dose-to-clear vs. water vapor pressure.
Water vapor has only a small effect until the pressure approaches 10 mbar.
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Figure A3: Fitted normalized resist thickness vs exposure dose (ZEP-520A) for each
water vapor pressure used during resist exposure. (a) High vacuum; (b) 0.1; (c) 1;
(d) 3; 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 data set are shown in the inset. Uncertainties represent the standard error
of the fitted parameter.
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Table A1: Contrast (γ) and dose to clear (DC) as a function of vapor pressure for
ZEP-520A.

Chamber pressure High
vacuum

0.1 mbar
H2O

1 mbar
H2O

3 mbar
H2O

10 mbar
H2O

Contrast 6.9± 0.5 7.8 ± 0.3 7.8 ± 0.5 8.6 ± 0.4 8.6 ± 0.2
Dose to clear (μC cm−2) 34 ± 0 33 ± 0 35 ± 0 37 ± 0 54 ± 0

Effect of water vapor on contrast and sensitivity during electron beam
patterning of HSQ on Silicon substrate

Hydrogen silsesquioxane (HSQ), a commonly used negative tone resist for high-
resolution EBL, spontaneously, but slowly, cross-links in the presence of water-vapor.
As a result, its reaction with water-vapor under irradiation was of particular interest.
However, the effect of water vapor on the contrast and sensitivity of HSQ was found
to be minimal as shown in Figure A4. Contrast varied between 3.4 and 3.7 from high
vacuum to 3 mbar water-vapor pressure, but with no significant trend. Increasing the
water-vapor pressure to 10 mbar reduced the contrast. Onset dose did not change sig-
nificantly from high vacuum to 3 mbar, but increased markedly at 10 mbar. Thus, we
concluded that water-vapor had little effect on HSQ exposure at pressures commonly
used for charge dissipation, and that higher vapor pressures degraded performance.

Figure A4: Contrast curves for HSQ exposed at high vacuum and under various
water vapor pressures. No dramatic changes in the shape of the contrast curves were
observed up to pressures of 3 mbar. Slight changes in the dose-to-clear and contrast
can be seen, but overall the affect of water vapor was small. Performance was notably
degraded at 10 mbar.
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loslada F, Moreno-Bondi MC, Fierro JLG, and Capel-Sánchez MC. Fabrication
of luminescent nanostructures by electron-beam direct writing of PMMA resist.
Materials Letters 2012 Dec; 88:93–6

12. Tatara AM, Shah SR, Sotoudeh M, Henslee AM, Wong ME, Ratcliffe A, Kurtis
Kasper F, and Mikos AG. Effects of Electron Beam Sterilization on Mechanical
Properties of a Porous Polymethylmethacrylate Space Maintenance Device.
Journal of Medical Devices 2015 Jun; 9

78



13. Zheng N, Min H, Jiang Y, and Cheng X. Polycarbonate as a negative-tone
resist for electron-beam lithography. Journal of Vacuum Science & Technology
B 2018 Mar; 36:021603

14. Zheng F, Zhang Y, Xia J, Xiao C, and An Z. Charge transportation and permit-
tivity in electron beam irradiated polymethyl methacrylate. Journal of Applied
Physics 2009 Sep; 106:064105

15. Gangnaik A, Georgiev YM, McCarthy B, Petkov N, Djara V, and Holmes
JD. Characterisation of a novel electron beam lithography resist, SML and
its comparison to PMMA and ZEP resists. Microelectronic Engineering. Nano
Lithography 2013 2014 Jul; 123:126–30

16. Chung TY, Nest D, Graves DB, Weilnboeck F, Bruce RL, Oehrlein GS, Wang
D, Li M, and Hudson EA. Electron, ion and vacuum ultraviolet photon effects
in 193 nm photoresist surface roughening. en. Journal of Physics D: Applied
Physics 2010 Jun; 43:272001

17. P. Ennis C and I. Kaiser R. Mechanistical studies on the electron-induced
degradation of polymethylmethacrylate and Kapton. en. Physical Chemistry
Chemical Physics 2010; 12:14902–15

18. Ritsko JJ, Brillson LJ, Bigelow RW, and Fabish TJ. Electron energy loss spec-
troscopy and the optical properties of polymethylmethacrylate from 1 to 300
eV. The Journal of Chemical Physics 2008 Aug; 69:3931–9

19. Mathakari NL, Bhoraskar VN, and Dhole SD. 6MeV pulsed electron beam
induced surface and structural changes in polyimide. Materials Science and
Engineering: B. Science and Technologies of Specialty Advanced Materials and
Polymers for Aerospace and Defense and Applications : The Proceedings of
SAMPADA-2008 Conference 2010 Apr; 168:122–6

20. Sasuga T, Hayakawa N, Yoshida K, and Hagiwara M. Degradation in tensile
properties of aromatic polymers by electron beam irradiation. Polymer 1985
Jul; 26:1039–45

21. Cho SO and Jun HY. Surface hardening of poly(methyl methacrylate) by elec-
tron irradiation. Nuclear Instruments and Methods in Physics Research Section
B: Beam Interactions with Materials and Atoms 2005 Aug; 237:525–32

22. Sabet M, Hassan A, and Ratnam CT. Mechanical, electrical, and thermal prop-
erties of irradiated low-density polyethylene by electron beam. en. Polymer
Bulletin 2012 May; 68:2323–39

23. Hong YK, Park DH, Park SK, Song H, Kim DC, Kim J, Han YH, Park OK, Lee
BC, and Joo J. Tuning and Enhancing Photoluminescence of Light-Emitting
Polymer Nanotubes through Electron-Beam Irradiation. en. Advanced Func-
tional Materials 2009; 19:567–72

79



24. Oleksak RP, Ruther RE, Luo F, Fairley KC, Decker SR, Stickle WF, Johnson
DW, Garfunkel EL, Herman GS, and Keszler DA. Chemical and Structural
Investigation of High-Resolution Patterning with HafSOx. ACS Applied Mate-
rials & Interfaces 2014 Feb; 6. Publisher: American Chemical Society:2917–
21

25. Bita B, Stancu E, Stroe D, Dumitrache M, Ciobanu SC, Iconaru SL, Pre-
doi D, and Groza A. The Effects of Electron Beam Irradiation on the Mor-
phological and Physicochemical Properties of Magnesium-Doped Hydroxyap-
atite/Chitosan Composite Coatings. en. Polymers 2022 Jan; 14. Number: 3
Publisher: Multidisciplinary Digital Publishing Institute:582

26. Lu BR, Lanniel M, Alexandar M, Liu R, Chen Y, and Huq E. Surface stiffness
modification by e-beam irradiation for stem cell growth controla). Journal of
Vacuum Science & Technology B 2011 Apr; 29:030604

27. Maeno T, Futami T, Kushibe H, and Takada T. Measurements and simulation
of the spatial charge distribution in electron-beam-irradiated polymers. en.
Journal of Applied Physics 1989 Feb; 65:1147–51

28. Hatzakis M. Electron Resists for Microcircuit and Mask Production. en. Jour-
nal of The Electrochemical Society 1969 Jul; 116. Publisher: IOP Publish-
ing:1033

29. Zailer I, Frost J, Chabasseur-Molyneux V, Ford C, and Pepper M. Crosslinked
PMMA as a high-resolution negative resist for electron beam lithography and
applications for physics of low-dimensional structures. Semiconductor science
and technology 1996; 11:1235

30. Duan H, Winston D, Yang JKW, Cord BM, Manfrinato VR, and Berggren
KK. Sub-10-nm half-pitch electron-beam lithography by using poly(methyl
methacrylate) as a negative resist. Journal of Vacuum Science & Technology
B 2010 Dec; 28:C6C58–C6C62

31. Hall TM, Wagner A, and Thompson LF. Ion beam exposure characteristics
of resists: Experimental results. en. Journal of Applied Physics 1982 Jun;
53:3997–4010

32. Broers AN, Harper JME, and Molzen WW. 250-Å linewidths with PMMA
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