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Abstract

Electron Beam Lithography (EBL) is a fundamental technique of

nanofabrication, allowing not only the direct writing of structures down to

sub-10 nm dimensions, but also enabling high volume nanoscale patterning

technologies such as (DUV and EUV) optical lithography and nanoimprint

lithography through the formation of masks and templates. This chapter

summarizes the key principles of EBL and explores some of the complex

interactions between relevant parameters and their effects on the quality of the

resulting lithographic structures. The use of low energy exposure and cold

development is discussed, along with their impacts on processing windows.

Applications of EBL are explored for the fabrication of very small isolated

bridge structures and for high density master masks for nanoimprint lithography.

Strategies for using both positive and negative tone resists are explored.

2.1 Introduction

With its ability to form arbitrary two-dimensional patterns down to the nanometer

scale, electron beam lithography (EBL) is one of the most important techniques in

nanofabrication. In short, it involves the exposure by a highly focused electron
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beam to dramatically modify the solubility of a resist material during a subsequent

development step, see Fig. 2.1.

EBL was originally developed using scanning electron microscopes to which a

pattern generator and beam blanker was added to control which areas of the viewing

field are exposed [1–3] (see Fig. 2.2a for a schematic description of an EBL

system). Modern EBL tools are fully dedicated patterning systems (Fig. 2.2b) that

employ high brightness electron sources for faster throughput and high resolution

mechanical stages to be able to expose step-by-step large substrates under the

relatively narrow field of focus of the electron beam. These direct write systems

have the advantage of extremely high resolution and the ability to create arbitrary

patterns without a mask. Their disadvantage is the long times taken to write large,

complex patterns. Efforts to overcome this challenge include projection EBL [4, 5]

and the use of massively parallel beams [6]. Due to the developmental stage of these

latter techniques, however, this chapter will focus on the single beam, direct write

EBL technique.

The key objectives of EBL writing are to achieve arbitrary patterns in the resist

with high resolution, high density, high sensitivity and high reliability. These

characteristics are interrelated in a complex fashion. The key determinants will

be the quality of the electron optics (e.g., the ability to create a finely focused spot),

the choice of resist, substrate and developer, and the process conditions: electron

beam energy and dose, and development time and temperature. Factors that com-

plicate these objectives are delocalization of electrons due to forward and back-

scattering (proximity effects), collapse of the pattern due to swelling and capillarity

forces, and fluctuations in the sizes of features (line edge roughness).

Fig. 2.1 Outline of EBL

process steps to form a

nanoscale pattern in a

positive-tone resist layer

Fig. 2.2 Electron beam exposures systems: (a) schematic diagram, (b) Raith 150TWO commercial

EBL system (used with permission [7])
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2.1.1 Electron Transport

The first requirement for a high quality beam is a stable, high brightness electron

source, such as one employing thermal field emission. The quality of the spot is

determined by the electron optics and degree of focus. It is necessary to have high

positional accuracy with limited astigmatism and small spot size [8]. The electron

column is under vacuum to reduce gas scattering of the beam, but divergence of the

beam does result from mutual electrostatic repulsion by the electrons. This effect is

more pronounced at higher currents and lower energies. Notwithstanding this,

commercial EBL systems can usually deliver a spot size of just a few nanometers

[7, 9, 10]. Unfortunately, other factors such as scattering will usually limit the final

resist pattern to a larger size.

As the electrons enter the resist, they begin a series of low energy elastic

collisions, each of which will deflect the electron slightly. This forward scattering

broadens the beam by an amount that increases with thickness, and this effect is

more pronounced at low incident energies [11, 12] (see also Fig. 2.3).

In addition to forward scattering, there is also backscattering to consider [13].

Typically, most of the electrons pass entirely through the resist and penetrate deeply

into the substrate. Some fraction of those electrons will eventually undergo enough

large angle collisions to re-emerge into the resist at some distance from the point at

which they left it (see Fig. 2.4). At higher energies, these backscattered electrons

may cause exposure microns away [14, 15] from where the beam entered. This

leads to the so-called proximity effect [16–18] where electrons writing a feature at

one location increase the exposure at a nearby feature, causing pattern distortion

and overexposure. The density of features becomes an important factor in deter-

mining necessary exposure levels. Backscattering can be minimized by exposing on

a thin membrane substrate.

Another electron transport consideration is secondary electrons [1]. These are

low energy (a few to a few tens of eV) electrons produced by ionizations resulting

from inelastic collisions by the primary incident electrons [19]. Because of their

Fig. 2.3 Electron beam broadening due to forward scattering in the resist at (a) 3 keV and

(b) 10 keV of incident energy. Shown is a predicted cross-section of resist exposure for two

parallel lines
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energy, secondary electrons have short range (several nanometers) but may ulti-

mately limit the resolution possible with EBL.

A final transport issue is electrostatic charging, particularly if writing onto an

insulating substrate. If there exists no pathway for the absorbed electrons to dissi-

pate, charge will build up and defocus the electron beam. In such cases, a thin metal

[1] or conductive polymer [20] layer is required above or below the resist.

2.1.2 EBL Resists

Inelastic collisions of electrons with the resist result in ionization (secondary

electron generation), which is accompanied by physico-chemical changes in the

resist. Just as with optical lithography, EBL can employ two classes of resist.

Positive tone resists undergo a conversion from low to high solubility upon expo-

sure to electrons. The classic example is PMMA (poly-methyl methacrylate) which

is a long chain polymer (Fig. 2.5a) that is broken into smaller, more soluble

fragments by the electron beam (Fig. 2.5b) [21]. Another common positive resist

is ZEP 520 which also consists of a long chain polymer [22, 23].

In a negative tone resist, the electrons convert the material to low solubility. The

prime example here would be HSQ (hydrogen silsesquioxane) which undergoes a

cross-linking reaction to combine smaller polymers into larger, less soluble ones

[24]. Several other negative resists have been recently compared [25].

The most common positive resist, PMMA, consists of very long polymer chains

with masses of 496 and 950 kDa being common. With such long chains, it takes

many scission events before the resulting fragments become significantly soluble.

Fig. 2.4 Forward and

backscattering of electrons in

the resist and substrate

leading to beam broadening

and proximity effects

Fig. 2.5 (a) Polymer sub-

unit of poly (methyl

methacrylate), and (b)

scission of the polymer chain

during EBL exposure
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Hence, the distribution of fragment sizes becomes an important factor in under-

standing the relationship between exposure dose and development behavior.

Figure 2.6a shows the distribution of PMMA fragment sizes and exposure dose

[26]. As dose increases, the average fragment size decreases and solubility in the

developer increases. Of course, dose varies spatially because of scattering, so the 3D

distribution of scission events (Fig. 2.6b) becomes an important component to this

total picture. Similar considerations also apply to other resists – positive or negative.

2.1.3 Resist Development

After exposure, the resist is typically immersed in a liquid developer to dissolve the

fragments (positive tone) or non-crosslinked molecules (negative tone). Tempera-

ture and duration become important parameters here as the hotter/longer the

development, the farther along the continuum of solubility the dissolution extends.

For example, cold development of PMMA (discussed below) freezes out the

development of all but the very smallest fragments, resulting in very high resolution

as much of the scattered electrons cause insufficient exposure to reach this

threshold.

During development, the solvent penetrates into the polymer matrix and starts to

surround the fragments. As the molecules start to interact, a gel is formed (see

Fig. 2.7). The thickness of the gel layer will depend on the amount of fragmentation

and the strength of the solvent. Swelling of the polymer can also result. Once

completely surrounded by solvent, the fragments detach from the matrix and diffuse

into the solvent. Longer fragments are less mobile and more strongly bound to the

matrix and take longer to dissolve [27–29]. More powerful solvents will remove

longer fragments which is not always desirable if high resolution is required.

Exposure and development are interrelated as short exposure with long or aggres-

sive development can be equivalent to heavier exposure with short development.

Fig. 2.6 (a) Calculated distribution of PMMA fragment sizes for various doses at 10 keV [26].

(b) Spatial distribution of the volume fraction of small (less than 10 monomers) fragments within

the resist due to exposure at a single point
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This can lead to some ambiguity between the terms underdeveloped and

underexposed or overdeveloped and overexposed. As will be discussed further

below, the kinetics of the dissolution process becomes quite important to the

optimization of EBL necessitating understanding of these factors at a detailed

level. Often a mix of solvents (such as 1:3 methyl isobutyl ketone with isopropyl

alcohol for PMMA) is used to tailor dissolution behavior.

An issue that arises if the resist is overdeveloped is the degradation of the resist-

substrate bond and the capillarity forces that result as the solvent is removed. These

lead to the mechanical failure of the resist structure resulting in pattern collapse

[30]. Adjacent linear features are particularly vulnerable to this problem, especially

for thick resists. Figure 2.8 shows examples of pattern collapse, along with

underexposed/underdeveloped structures in PMMA.

2.1.4 Process Parameters

As has been implied above, there is a large number of parameters affecting the EBL

process in a complex, interacting fashion. A partial list is given in Table 2.1. This

Fig. 2.7 Positive resist

during development.

Polymer-solvent interactions

can result in gel formation

and swelling

Fig. 2.8 PMMA grating structures in cross-section (top) and plan view (bottom). Shown are

underexposed/underdeveloped (left), quality structures (middle) and collapsed patterns (right) [31]
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excludes secondary factors such as resist polymer chain length which can impact

sensitivity and contrast, or the use of techniques such as ultrasonic agitation

[32–34] to reduce development times and improve clearance, or the use of critical

point drying [35–37] to minimize pattern collapse. Of course, the objective of

manipulating these parameters is to achieve a high resolution, high quality, high

throughput result with large process windows to maximize yield and

reproducibility.

An example of some of these process dependencies can be seen in Fig. 2.9 which

shows the effect of dose on a single pixel line grating. While the structures are well-

resolved at all three doses, the size of the final structures varies significantly.

Similarly, Fig. 2.10 summarizes the aspect ratio (height:width) of the features

resulting as a function of dose. The complexity of these interactions drives the

need for better understanding and modelling techniques (see Chap. 3) for the

optimization of EBL processes.

2.2 Process Windows with PMMA Resist

As requirements for lithography have progressed toward the sub-20 nm regime,

major challenges have emerged for introducing controllable radiation-induced

changes at molecular-size scales. Novel EBL processes that would extend

capabilities of the technology significantly into the deep nanoscale regime entail

Table 2.1 Parameters affecting the EBL process

Parameter Process impact

Exposure energy Resolution, sensitivity, proximity

Exposure dose Pattern quality

Pattern density Proximity, pattern quality

Resist material Sensitivity, resolution, contrast

Resist thickness Sensitivity, resolution, pattern quality

Developer Sensitivity, resolution, development window

Development temperature Sensitivity, resolution, exposure window

Development time Sensitivity, resolution, exposure window

Fig. 2.9 Cross sectional profiles in 70 nm pitch PMMA gratings fabricated using 30 keV voltage

and various line doses. The samples were developed at �15�C for 15 s, and the initial PMMA

thickness was 55 nm [38]
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new approaches to resist design, exposure strategies, and development techniques

[31, 38–43]. To achieve this will require thorough, systematic understanding of the

limiting factors [44] involved in both the electron-resist interaction and in the

polymer dissolution (development), as well as the corresponding intricate interplay

of the numerous process control parameters including the accelerating voltage,

exposure dose, and development conditions.

Due to the proximity effect, this becomes particularly demanding when dense

patterns with closely positioned features must be fabricated. Figure 2.11 presents an

example of nanoscale morphologies after exposure and development of high-

density gratings with various interline distances (pitches) in PMMA resist on a

silicon wafer [38, 43]. From the figure, it is evident that the potential to fabricate a

quality grating is strongly dependent on both the exposure dose and the interline

distance. Thus, for 70 nm pitch, all the images present well developed gratings, with

the exception of Fig. 2.11d that corresponds to the high area dose of 125 mC/cm2.

For 40 and 50 nm gratings, promising morphologies are seen in Fig. 2.11n, o, k for

the doses from 50 to 75 mC/cm2. For 30 nm interline distance, only Fig. 2.11m for

60 mC/cm2 exhibits a promising morphology. The other images in Fig. 2.11 show

various damaging influences. For example, underexposure, when the clearance

depth of exposed lines is insufficient to generate a grating pattern, is manifested

by a low contrast in Fig. 2.11m, q, r. The other extreme regime, overexposure, when

the pattern is damaged by excessive clearance of PMMA, is evident in Fig. 2.11a, b.

Mild signs of overexposure are also visible in Fig. 2.11c, e. Another common type

of morphology damage is the collapse of interline resist walls. Examples of

collapsed gratings are seen in Fig. 2.11d, f, g, and also to some extent in

Fig. 2.11j, k. It is noteworthy that collapse only occurs in gratings with 40 nm

and larger pitch. In 30 nm gratings the limiting mechanism is different as illustrated

in Fig. 2.11e, i. In these cases, the grating is partly or entirely destroyed by

redistribution of PMMA that tends to form islands at irregular locations. Formation

of such globular islands or percolation networks is known to occur in immiscible

liquids that undergo a phase transition. Since mixtures of PMMA fragments with

most common EBL developers have regimes of limited miscibility, a phase separa-

tion can occur [45, 46].

Fig. 2.10 Aspect ratios for

the interline gaps (triangles)

and PMMA lines (squares) as

a function of the exposure

dose, determined from cross-

sectional SEM images for

70 nm pitch gratings

fabricated using 30 keV

electrons. Other process

conditions were as

in Fig. 2.9 [38]
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Figure 2.12 summarizes the observed morphologic regimes for various grating

periods and exposure doses. In the low dose regime, the limiting factor is

underexposure, whereas at increased doses, the patterns degrade through phase

separation or collapse. The densest gratings, with periods of 20 and 30 nm, degrade

through phase separation, and the gratings with periods of 40 nm and larger rather

tend to collapse. At even higher doses, gratings become overexposed. It can be seen

30 nm grating

1 µm

125

µC / cm2

100

µC / cm2

75

µC / cm2

60

µC / cm2

50

µC / cm2

40 nm grating 50 nm grating 70 nm grating

a b c d

e f g h

i j k l

m n o p

q r s t

Fig. 2.11 SEM images of 30, 40, 50, and 70 nm gratings fabricated in a 65-nm thick PMMA layer

on a silicon substrate, with 10 keV exposure at various area doses. The gratings were developed for

5 s in a 1:3 MIBK:IPA solution at room temperature. The lateral size of all images is 1 mm � 1 mm

[43]. The average area doses are related with the line doses by darea ¼ dline/l, where l is the

interline distance (grating pitch)
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that the window of favourable exposure doses at which quality gratings can be

expected decreases rapidly when the grating pitch decreases.

The width of the applicable dose window represents the robustness of the

process [29, 38]. A large dose window means that the fabrication process has a

better reproducibility, and also has greater controllability over the line width and

aspect ratio. The minimum size of nanostructures for which a reasonable dose

window is attained characterizes the resolution. For example, from Fig. 2.12 it

follows that the highest resolution attainable at the experimental conditions consi-

dered corresponds to approximately 15 nm half-pitch representing the average line

width. The minimum applicable doses can be associated with the sensitivity of the

EBL process.

2.2.1 Temperature Dependence of Applicable Process Window

As already mentioned, the resist’s development occurs through the removal of

relatively low-weight fragments from the intensely exposed regions. This removal

can be described as a kinetic diffusion-like process, with a molecular mobility

represented by diffusivity, D � n�a exp �U kT=ð Þ, where U is the activation energy

and the factor n–a describes the mobility of fragments of size n in a medium whose

properties are represented by power a. In most polymers, a varies from 1 in dilute

solutions of small molecules to 2 for longer polymer chains in denser melts [27–29].

As noted in Fig. 2.6, in exposed PMMA, the average size of fragments <n> is a

function of both the exposure dose and location. For moderate exposure doses, the

mean size of fragments <n> is inversely proportional to the local probability of

Fig. 2.12 Diagram of the characteristic morphologies in PMMA for various grating periods and

area exposure doses using 10 keV voltage. Filled symbols represent experimental results from

Fig. 2.9: triangles denote the boundary for underexposure (insufficient clearance); diamonds

denote the boundary for overexposure (excessive clearance), and circles indicate the boundary

for collapse or phase separation producing micellized patterns. Open symbols show the results of

numerical modeling [43]
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scissions, which in turn is related with exposure dose d, so that<n> � 1=d, and the
diffusivity of fragments in exposed PMMA can be approximately described by,

D ¼ cda exp �A kT=ð Þ (2.1)

where c is a location-dependent model coefficient of proportionality [29].

In Refs. [29, 31], for an example of a dense periodic grating in PMMA, it was

demonstrated that the boundary applicable doses for quality nanofabrication, dmin
and dmax, depend on temperature as follows,

dmin;max ¼ d
ref
min;max exp �

U

ak
1 T= � 1 T= ref

� �

� �

(2.2)

where ‘ref’ indicates reference values for the minimum and maximum applicable

doses dmin and dmax. In Fig. 2.13, (2.2) is compared with the experimental tempera-

ture dependencies for the doses dmin and dmax in a 70 nm pitch grating exposed with

10 keV electrons, and developed at various temperatures for 5s and 20s. The

boundary doses determined experimentally for �15�C development were used for

reference in this example, and the estimated value U/a ¼ 0.22 eV was employed. It

can be seen that (2.2) describes very well the broadening of the applicable dose

window with the decrease of the development temperature. The lower boundary of

the applicable dose window dmin (shown by solid lines in Fig. 2.13) can be

interpreted as the dose at which PMMA fragments in the intensely exposed trenches

are mobile enough to be removed over the time of development. The maximum

applicable dose dmax (dashed lines) is, in turn, determined by molecular diffusion

processes occurring in the walls. From Fig. 2.13, it is evident that both boundary

doses dmin and dmax decrease with temperature, i.e. the process sensitivity increases

at higher temperatures of development.

The regions between the solid and dashed lines in Fig. 2.13 represent the

favorable dose windows where quality gratings may be fabricated. It can be seen

that the width of the applicable dose window, dmax – dmin, increases strongly with

Fig. 2.13 Comparison of

theoretical temperature

dependencies for minimum

(solid lines) and maximum

(dashed lines) applicable

exposure doses for a 70 nm

pitch grating in PMMA

exposed with 10 keV electrons.

The symbols show the

experimental data for

development times of 5 s

(stars) and 20 s (diamonds) [29]
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the decrease in the temperature of development. Thus, decreasing the development

temperature from room temperature (RT) to �15�C results in an increase in the

applicable line dose window by more than five times. This indicates a strong

improvement in the EBL process robustness when decreasing the development

temperature from RT to �15�C.

As an example of this increase in nanoscale resolution with decreasing tempera-

ture of development, Fig. 2.14 shows the highest resolution grating structures

obtained in Ref. [29] by exposing 47–55 nm thick layers of PMMA to 10 keV

electrons, for various development temperatures. It can be seen that RT develop-

ment yields 33 � 2 nm wide trench lines in a grating with a 70 nm pitch (a). With

�10�Cdevelopment, 20 � 2 nm lines in a 50 nmpitch grating could be fabricated (b).

This line width was further improved to 15 � 2 nm in a 40 nm pitch grating at�15�C

temperature (c).

One can conclude that the minimal resolved feature size significantly decreases

with decrease of the development temperature from RT down to �15�C. This is

consistent with the observed trend of broadening of the applicable dose windows,

and can be explained by the kinetics of fragment mobility during resist dissolution.

However, this advantage is accompanied by a drop in the process sensitivity.

Reaching increased resolution and high sensitivity at the same time requires a

trade-off involving co-optimization of several process conditions.

2.2.2 Interdependence of Exposure Dose
and Development Time

Considering the resist development as a kinetic process involving diffusion of

fragments from exposed resist into solvent, it is natural to expect the duration of

development to be a control factor. The trend is illustrated by Fig. 2.15a, where the

minimum (solid lines) and maximum (dashed lines) applicable doses, determined

experimentally in a 50 nm grating pattern in PMMA, are shown as functions of time

Fig. 2.14 Cross-section and top-view SEM micrographs showing examples of optimized dense

nanoscale gratings fabricated in PMMA using a Raith 150 system with 10 keV voltage, and

employing various development temperatures: (a) RT, 70 nm pitch; (b) �10�C, 50 nm pitch; and

(c) �15�C, 40 nm pitch [29]
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of development at various temperatures. It can be seen that both the minimum and

maximum boundaries show a moderate decrease with the development time.

A minor to moderate decrease of the applicable dose window with the development

time was also reported [38].

Figure 2.15b clarifies the interdependence of the exposure dose and development

time, employing the results of recent kinetic modeling [47]. The figure presents a

set of computed cross-sectional profiles in a grating with a 70 nm pitch, exposed

Fig. 2.15 (a) The applicable dose windows for 50 nm pitch gratings in PMMA showing

minimum (solid lines) and maximum (dashed lines) line doses for quality patterning. The symbols

indicate the temperature of development �5�C (crosses) and �15�C (diamonds) [29].

(b) Computed resist clearance profiles in a periodic grating with a 70 nm pitch exposed with

10 keV voltage with various line doses, and developed at �15�C for various durations. The width

of all boxes is 70 nm, and the height is 60 nm. White denotes undissolved PMMA, and black

denotes clearance [47]
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with various line doses, and developed during 0.5, 2, 8, and 32 s at�15�C. Some of

the profiles appear to be close in terms of trench width despite the different process

conditions. This is not surprising considering that assuming the Fick law for diffu-

sion, removal of the resist is associated with the diffusion length of PMMA fragments

(Dt)1/2, where the effective diffusivityD is given by (2.1). As a result, for the width of

the development trench Dx one can expect the proportionality Dx ~ d t1/2, where d is

dose and t is time. This indicates that optimal dose and time are related by an inverse

proportionality, and should be selected simultaneously for optimal performance of

EBL at the nanoscale.

2.2.3 The Exposure Voltage Factor

The initial energy of incident electrons plays an important role for the exposure

process due to several factors. First, the inelastic collision cross-section decreases

roughly in proportion to an increase in electron energy [19, 26, 48]. In positive

resists such as PMMA, this decreases the number of chain scissions per electron at

higher voltages. The resulting impact on the sensitivity of increasing the voltage

from 3 to 30 keV is illustrated in Fig. 2.16. Both the minimum and the maximum

applicable exposure doses increase approximately in proportion to the voltage,

resulting in a significantly lower sensitivity for 30 keV than for 10 and 3 keV. In

a general case, the decrease in sensitivity is an unwanted effect since it leads to

lower throughput.

However, Fig. 2.16 also shows that increasing the electron energy results in a

dramatic increase of the applicable dose windows. The reason for this is that

electrons with higher energies undergo less forward scattering and as a result,

the beam broadens less [11, 31]. This is illustrated in Fig. 2.3, which presents the

computed distributions of small (1–12 monomers) fragments in PMMA with

exposed parallel lines [38]. Cross-sectional profiles obtained in resists exposed

with different voltages are presented in Fig. 2.17. The grating exposed with

Fig. 2.16 Applicable line dose windows for 70 nm pitch gratings in for 3, 10, and 30 keV

exposure voltages and different durations of development at RT (a) and at �15�C (b) [38]. The

initial PMMA thickness was 55 nm. The meaning of the solid and dashed lines is as in Fig. 2.15

24 M.A. Mohammad et al.



3 keV shows pronounced undercuts because of strong forward scattering of

electrons, whereas 30 keV exposures produce almost straight interline walls. The

low voltage tapered structures are more susceptible to pattern collapse, leading to

reduced dose window. However, strong forward scattering of low energy electrons,

which is usually believed to be the major resolution-limiting factor, may alterna-

tively be employed to create nanoscale three-dimensional profiles in the resist [49]

as is also demonstrated in the next section.

One more aspect to be mentioned in relation to the voltage, is its impact on the

proximity effect. High energy electrons penetrate deeper into the substrate and can

spread laterally due to backscattering. This gives rise to a significant proximity

effect. The higher doses required at high energies compound this problem. In

contrast, ultra low voltage electrons in the 1–3 keV regime deposit most of their

energy within the resist, decreasing dramatically the proximity effect and also

resulting in less substrate damage [11, 48].

2.3 Optimized EBL Processes: Examples

2.3.1 Low-kV, Cold Development PMMA Processing

As described in Sect. 2.2.3, 3 keV and lower voltage EBL has the advantages of

higher sensitivity, lower substrate damage and proximity effect [11, 31, 48].

Furthermore, the strong forward scattering resulting in resist undercuts such as

seen in Fig. 2.17a can be turned in an important processing advantage for metalli-

zation and lift-off patterning [49]. Conventionally, bi-layer resist schemes were

used for metallization and lift-off at deep nanoscale [50–52]. A lower resolution

resist layer would be coated first, followed by a higher resolution resist layer on top.

When patterned, the resolution difference would yield a comparatively wider

opening on the bottom resist layer as illustrated in Fig. 2.18. After subsequent

metallization, this scheme would allow the solvent to access all areas of the trench

and lift-off the PMMA resist layers without leaving any resist scum sticking to the

substrate or deposited metal.

In contrast to using a bi-layer scheme, one can use a simpler single resist scheme

by exploiting the re-entrant profiles created by scattering of low energy electrons.

Using a single resist layer has two obvious advantages: (a) a thinner resist layer

Fig. 2.17 SEM images of cross- sectional profiles for 70 nm pitch gratings fabricated at 3 keV

(a), 10 keV (b), and 30 keV (c) voltages [31]
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allows a higher resolution since the aspect ratio requirement isn’t as demanding,

and (b) co-optimization of exposure doses and development conditions is

simplified.

The advantages of using low voltage EBL are overcast by a major limitation:

generally, the dose window for high-resolution, high-density gratings is very

narrow for even thin resist layers. This property greatly affects the robustness of

the EBL nanofabrication process i.e., small variations may lead to failure of the

process. A useful work-around to this limitation is the use of cold development [38].

Figure 2.19 compares the dose windows for a 70 nm pitch grating in a 55 nm thick

PMMA layer developed at room temperature and at �15�C. Cold development

results in a dramatic increase in the applicable dose window by approximately an

order of magnitude; however, this advantage is accompanied by a drop in the

exposure sensitivity.

Using low-voltage exposure of PMMA in conjunction with cold development

provides an extremely efficient and straightforward process of nanofabrication

[29, 31, 38]. For example, at a PMMA thickness of 55 nm, the smallest grating pitch

Fig. 2.18 Undercuts created in PMMA by using low-kV EBL enables replacement of bi-layer

resist schemes (left) with a simpler single-resist layout (right)

Fig. 2.19 Comparison of dose windows for 3 keV exposure voltages developed at room temper-

ature (triangles and circles) vs. at �15�C (diamonds and crosses). The grating pitch is 70 nm and

resist is 55 nm
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that our group could fabricate using 3 keVEBL at room temperature development was

70 nm. However, by using �15�C cold development, 50 nm pitch gratings could be

realized with sub-20 nm line features after metallization and lift-off. Figure 2.20a, b

shows sub-20 nm wide Cr lines in 60 and 50 nm pitch gratings, respectively,

fabricated by deposition of a 12 nm thick layer of chromium on patterned PMMA

features and subsequent lifted-off in acetone with ultrasonic agitation [53].

As described previously, one of the advantages of low-voltage EBL is the

reduction of proximity effect [11, 48]. To illustrate this, Fig. 2.20a shows a corner

of a Cr metallized grating array with uniform features at the edges of the pattern.

This demonstrates the ability to fabricate high-resolution structures using low-

voltage EBL in conjunction with cold development without the use of any proxim-

ity effect correction (PEC) routines [54–56]. The usage of low development

temperature also improves the resistance of nano-patterned PMMA against post-

exposure degradation such as wall collapse and fusion. In conclusion, cold devel-

opment provides a significant number of advantages to a low-voltage EBL process

such as higher resolution, larger dose window, pattern robustness, etc., at the

expense of some loss in resist sensitivity.

2.3.2 Taking Control of PMMA: Sub-20 nm Wide Bridge Designs

As an example of optimized, PMMA-based ultrahigh resolution lithographic device

fabrication, in this section we describe a recent improvement of existing silicon

carbon nitride (SiCN) bridge resonator fabrication technology [57, 58] employing a

low-voltage, cold development EBL process [53].

Figure 2.21 summarizes the improved process flow. In brief, an initial plasma

enhanced chemical vapour deposition step is used to deposit a 50 nm thick SiCN

layer followed by an anneal which sets the film to a tensile stress. A 45 nm thick

PMMA film is then spun-cast, exposed at 3 keV, and developed at�15�C in MIBK:

IPA 1:3. A 12 nm thick Cr layer is deposited by e-beam evaporation followed by an

Fig. 2.20 (a) 20 nmwide Cr lines in a 60 nm pitch grating, and (b) 15 nm wide Cr lines in a 50 nm

pitch grating, both fabricated by 3 keV exposure of a single layer of PMMA 950 K resist, and

developed at �15�C

2 Fundamentals of Electron Beam Exposure and Development 27



ultrasonically assisted lift-off in acetone for 3 min. The Cr layer is used as an etch

mask for the SiCN reactive ion etch (RIE) which is conducted with a 4:1 SF6:O2

recipe. Finally, after stripping the Cr layer, a wet release etch is conducted using hot

KOH. Further processing details can be found in Ref. [53]

As a result of the above process, large arrays of nanoscale SiCN double-clamped

bridge resonators could be fabricated with lengths between 1 and 20 mm. Figure 2.22

shows a representative micrograph of a 5 mm long bridge structure with a thickness

of 50 nm and a width of 16 nm. In general, the minimum achievable linewidth of the

bridge depended upon the desired length. The narrowest bridges with sub-15 nm

widths could only be fabricated for lengths of up to 2 mm; bridges with widths

between 14 and 18 nm could only be fabricated for lengths of up to 10 mm; and

beyond that widths of 20–28 nm were required. Bridges with more demanding

length to width aspect ratios failed due to mechanical fracture.

In Fig. 2.23 it can be seen that the bridge widths can be very finely controlled by

applied electron beam single pixel line (SPL) dose for 1 mm long resonators. As the

dose is reduced, the bridge width decreases: for doses of 2.0, 1.6, and 1.5 nC/cm,

16 � 2 nm wide, 13 � 3 nm wide, and 11 � 5 nm wide bridges are fabricated,

respectively. As the bridge widths decrease and approach 10 nm widths, the relative

width non-uniformity strongly increases. At the smallest widths, small etch

variations adversely affect the edge roughness.

An even more precise process control over the most critical part of the device,

the clamping point, can be achieved with the usage of numerical modeling. The

clamping point is a major factor in determining mechanical losses, so its fabrication

is a key step to ensuring high resonator performance. In particular, any overhang or

rounding at the corner is to be minimized. Considering the complexity of the

interplay of many factors contributing to the EBL technique, being able to simulate

Fig. 2.21 Process flow outlining the steps used to fabricate doubly-clamped SiCN bridge

resonators using a low voltage EBL and cold development process
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all or some stages of the EBL process replaces time consuming and expensive

cut-and-try experiments with a more efficient and rational, in-silico aided process

design.

Figure 2.24 shows the user interface of the modeling tool and outlines the

simulation procedure that was used to optimize the design of the clamping point

in the resonator. This EBL simulator allows visualization of the electron beam

exposure, fragmentation, and development of exposed positive tone resist, such as

PMMA, on conductive substrates. In particular, 3D spatial maps of PMMA main

chain scissions and 3D resist clearance profiles for given development conditions

(duration, temperature) can be generated. More details on the EBL simulator can be

found in Ref. [47].

Figure 2.25 demonstrates the results of the simulations and compares them to

experimentally obtained results. A typical resonator clamping point is sketched in

Fig. 2.25a and the results of simulation of the low-voltage exposure (3 keV) and

cold development (�15�C) are presented in Fig. 2.25b, c, respectively. It can be

seen that the numerically obtained results in Fig. 2.5c very accurately resemble the

developed PMMA resist profile shown in Fig. 2.5d. The rounding of the clamping

point seen in Fig. 2.25c, d arises because of the forward scattering of primary

electrons.

The clamping point rounding results in an increase the overhanging area where

undercuts occur after the final release etch. In Fig. 2.25e, the area where the SiCN

Fig. 2.22 A sub-20 nm wide, 5 mm long doubly-clamped SiCN resonator (a), and (b) a magnified

image of the bridge showing a width of 16 � 2 nm [53]

Fig. 2.23 Demonstrating control over the bridge widths: 1 mm long doubly-clamped SiCN

bridges measuring (a) 16 � 2 nm exposed at 2.0 nC/cm, (b) 13 � 3 nm exposed at 1.6 nC/cm,

and (c) 11 � 5 nm exposed at 1.5 nC/cm [53]
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overhangs appears as the brighter parts around the clamping point. Generally, such

overhangs contribute towards unwanted clamping losses and need to be avoided. To

reduce the overhang around the clamping point, a number of alternative clamping

designs were modelled and tested with the help of the EBL simulation tool.

Designing and testing alternative clamping geometries provides greater flexibility

than simple proximity effect correction (PEC) approaches, which are generally

used to optimize the doses when complex structures involving multiple length

scales are being fabricated.

Figures 2.26 and 2.27 illustrate two of the most successful designs. The first

design (Fig. 2.26a) aims to sharpen the clamping point by defining a gap between

the pad and resonator line at the design stage. This design exploits the movement

of the resist-developer interface (the dissolution front) at the development stage

such that the pad and resonator just connect yielding a sharp clamping point,

provided the pad-resonator gap is optimized. An optimized gap of 170 nm was

Fig. 2.24 Screen-shots of the EBL simulator user interface demonstrating the procedures of

graphic input, simulation of the exposure (chain scission) and development, and visualization of

the results. Further details on the simulation tool can be found in Ref. [47]

Fig. 2.25 (a) Sketch of a typical resonator clamping point design, (b) the computed yield of

scission (exposure plot), (c) the computed dissolution profile (development plot), (d) a SEM image

of the developed PMMA resist, and (e) a SEM image of the released SiCN resonator clamping

point [53]
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obtained by modelling, as shown in Fig. 2.26b, and experimentally realized, see

Fig. 2.26c. After the release-etch, there still is some rounding in the device layer

(Fig. 2.26d) as compared to the sharper corners seen in the resist layer in Fig. 2.26c;

however, the result is better in comparison with Fig. 2.25e. One can hypothesize

that the remaining rounding is due to the etchant contact angle and surface area

minimization effects at the release etch stage. The second design (Fig. 2.26a) aims

to isolate the resonator from the overhanging mass of the clamping point, and thus

overcome the issue of the clamping point rounding. This design allows tuning the

lengths of two sides such that an empty area is obtained around the beam. The two

sides are related by the relation y ¼ 1.618x. Through the help of the EBL simulator,

an optimized value of x ¼ 165 nm was obtained as shown in Fig. 2.26b and

fabricated, see Fig. 2.26g. In this case after the release-etch, the overhanging area

(the higher contrast and brighter part in Fig. 2.6d) is clearly disconnected from the

resonator bridge.

One can conclude that employing low-voltage, cold development PMMA-based

EBL process, complemented by in-silico aided optimization of the design, can be

extremely efficient for ultrahigh resolution device fabrication.

Fig. 2.26 (a) Diagram of an alternative clamping point design with an optimized gap of 170 nm

between resonator and pad, (b) the final dissolution profile compared with (c) a SEM image of the

developed PMMA resist showing sharper corners compared to Fig. 2.25d, and (d) a SEM image of

the released SiCN resonator clamping point [53]

Fig. 2.27 (a) Diagram of an alternative clamping point design with an optimized side width of

x ¼ 165 nm, (b) the final dissolution profile compared with (c) a SEM image of the developed

PMMA resist, and (d) a SEM image of the released SiCN resonator clamping point [53]
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2.3.3 Sub-10 nm Processing with HSQ

Employing polymer resist such as PMMA to fabricate sub-10 nm features in dense

array configurations, although possible in principle, approaches the limit related to

the size of the molecules, which challenges the attainable levels of uniformity and

reproducibility. In the last decade, there has been significant interest in the usage of

an alternative inorganic EBL resist hydrogen silsesquioxane (HSQ), which has

shown considerable potential at the 10-nm scale (see for example review paper

[59]). HSQ is a negative tone resist which cross-links to form an insoluble silica-

like structure, although at significantly higher doses than required to process

positive tone PMMA.

Many HSQ developers have been used such as TMAH – (CH3)4NOH [60–66],

NaOH [62, 66, 67], KOH [66, 68] and LiOH [66]. All of the above developer

solutions are hydroxides i.e., they are basic solutions. Some of the optimization

strategies included increasing developer strength from 2.38% TMAH to 25%

TMAH, increasing the development time to 1 min [60], increasing the TMAH

developer temperature to 50�C [63], adding NaCl solutions to NaOH [62, 67, 69]

adding various salt solutions to all the above developers etc. [66]. The aforemen-

tioned optimization strategies have all yielded contrast improvements.

Apparently, TMAH-based development simultaneously provides the highest

resolution while offering the greatest number of testable optimization strategies.

Table 2.2 features three development recipes based on TMAH. Recipe (A) is a

standard HSQ development recipe utilizing room temperature 25% TMAH devel-

oper diluted in water. Recipe (B) uses hot 50�C 25% TMAH developer [61–65].

Recipe (C) is a modified three step development recipe [70] in which a dilute

hydrofluoric acid dip is incorporated between two hot TMAH development stages.

Recipe (C) will be described in more detail later.

Figure 2.28 compares results for 50 nm pitch HSQ gratings exposed and

developed using two different strategies. The gratings shown in Fig. 2.28a were

exposed at 10 keV using a dose of 1.25 nC/cm and developed at room temperature.

The gratings shown in Fig. 2.28b were exposed at 30 keV using a dose of 4.2 nC/cm

and developed at 50�C. The images show that (a) the line resolution is superior to

what has been illustrated in Sect. 2.3.1 for PMMA, and (b) using a higher voltage

and hot development allows access to a sub-10 nm resolution at the cost of a

significant reduction in sensitivity. One can conclude that a higher (30 keV)

exposure and hot (50�C) development option appears as the baseline optimized

process to achieve sub-10 nm resolution for HSQ [71].

Table 2.2 Examples of development schemes useful for HSQ

Recipe Developer formulation

(A) 75 s dip in 25% TMAH

(B) 75 s dip in 50�C 25% TMAH

(C) 75 s dip in 50�C 25% TMAH

þ30–60 s dip in 2000:1 H2O:BOE

þ75 s dip in 50�C 25% TMAH
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While optimizing HSQ process, care must be taken regarding a number of

conditions during the exposure and development stages. Thus at the exposure

stage, beam step size is important. Since the resolution HSQ is superior to that of

PMMA, both the single pixel line (SPL) and area step sizes must be chosen less than

for PMMA. Figure 2.29a shows an arbitrary text written with a Raith 150TWO EBL

system using an area step size of 20 nm. As shown in the magnified image provided

in Fig. 2.29b, the rastering spots approx. 10 nm in diameter are visible. A continu-

ous exposure can be achieved with decreased step sizes of 2–10 nm.

After choosing a small enough beam step size, exposure dose selection is the

next step. Figure 2.30 shows an area dose test pattern with squares exposed at

successively higher doses. The dose factors are marked above each square. At the

extremes, either the dose is too low for pattern delineation, or the dose is too high

and the pattern is severely distorted. In the middle, a window of applicable doses

can be seen. In contrast to positive resists, selecting the minimum cross-linking

dose would not work if the pattern is intended to be used as a masking layer for

subsequent etching. In that case, the cross-link density may not be high enough to

be a suitable etch mask. Thus with negative tome resists, the preferred dose is often

the largest possible cross-linking dose before pattern distortion, as opposed to

selecting the minimum clearance dose for positive tone resists.

The selection of the largest possible cross-linking dose, however, has a downside

of the process of cross-linking becoming extremely sensitive to exposure by

Fig. 2.28 Comparison of a 50 nm pitch HSQ grating developed at (a) room temperature, and at

(b) 50�C, in 25% TMAH

Fig. 2.29 Arbitrary area

patterns (a) showing EBL

rastering, and (b) magnified

image of the rastering

showing 10 nm diameter dots
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secondary and backscattered electrons. These proximity effects may cause

unwanted partly-exposed siloxane-like scum [70–72] around pattern sidewalls

and dense features as shown in Fig. 2.31a. Since the siloxane-like scum consists

of an oxide, HSiOx, it can be etched away using dilute HF rinse [70] which is also

beneficial for the resist contrast as it prevents the development step from saturating

[70] and also trims the patterns which enhances the resolution even further [72].

Additionally, hot development has also been reported to remove these partly

cross-linked structures [63]. To solve the described issues, an alternative develop-

ment scheme has been developed recently [71], see recipe (C) in Table 2.2. In this

recipe, hot development is combined with HF-trimming or multi-step TMAH-HF-

TMAH development. This combination helps to clean up the unwanted siloxane-

like scum and also provide pattern trimming as shown in Fig. 2.31b. The trimming

is estimated to be as high as 20 nm/min.

2.3.4 HSQ Resist as Etching Mask: 8 nm Wide Bridge

Exploiting the optimized HSQ based nano-patterning techniques discussed in

Sect. 2.3.3, the SiCN resonator fabrication process discussed in Sect. 2.3.2 has

been further improved [71]. By using HSQ both as the resist layer and the masking

layer for the SiCN RIE, the resonator fabrication process has been simplified by

eliminating the chromium metal layer, and its resolution has been enhanced to

achieve sub-10 nm wide, microns long bridges. The highly optimized SiCN reso-

nator fabrication process [71] is summarized in Fig. 2.32.

Fig. 2.30 Dose test for HSQ

showing various exposure

regimes

Fig. 2.31 SEM images of un-released SiCN masking layer at the pad-resonator interface devel-

oped using (a) standard TMAH recipe (A) with centre width 48 � 5 nm, and (b) with modified hot

TMAH-BOE-TMAH recipe (C) with centre width 15 � 2 nm [71]
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After depositing and annealing a 50 nm thick SiCN layer on Si, a 25–30 nm thick

HSQ layer is spin on top. The HSQ layer is exposed by 30 keV EBL and developed

using the multi-step hot TMAH-HF-TMAH recipe (C) from Table 2.2 as described

in Sect. 2.3.3. The cross-linked HSQ layer is used as an etch mask for the SiCN RIE

and then is stripped off using a 30 s BOE. Finally the resonator is released in a 75�C

28.3% KOH bath saturated with IPA for short etch durations ranging from 30 to

45 s. Further details can be found in Ref. [71].

Figure 2.33a presents a SEM image of a typical sub-10 nm wide, 5 mm long

doubly-clamped SiCN resonator with SiCN layer thickness of 50 nm. The EBL area

and line doses used were 2.5 mC/cm2 and 9 nC/cm respectively. Figure 2.33b is a

magnified top-view SEM image of the bridge. The SEM image is taken from the

centre of the resonator shown in Fig. 2.33a. The measured width of the bridge is

9 � 1 nm. Bridges of similar resolution can also be obtained using single step room

temperature recipe (A) or hot development recipe (B); however, this is inferior

because a higher dose is required, the bridges are less uniform, and a presence of

siloxane-like scum in the clamping area.

Fig. 2.32 Process flow outlining the steps used to fabricate doubly-clamped SiCN resonators

using a HSQ mask (Adapted from Ref. [71])

Fig. 2.33 A sub-10 nm wide, 5 mm long doubly-clamped SiCN resonator: (a) overview image,

and (b) a magnified image of the bridge
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Figure 2.34a, b presents magnified SEM images of the resonator clamping point

fabricated using recipe C from Table 2.2. Both figures show that little or no residual

scum is visible at the clamping point and the surfaces and edges are very clean. The

areas around the clamping point show only a minor overhanging. The bridges are

suspended 400–600 nm above the silicon surface. Finally, both Figs. 2.33b and

2.34b show that the bridge width is uniform and less than 10 nm along its entire

length. This demonstrates that by co-optimization of exposure and development

conditions, proximity effects can be avoided or compensated without the use of

complicated correction algorithms.

2.4 Insulating Substrates

Application areas such photonics, nanoelectronics, and bio-nano-electromechanical

systems (bio-NEMS) often require fabrication of large, macroscopic-scale arrays of

nanoscale features. Nanoimprint lithography has emerged as an efficient and low

cost solution [73]. Ultraviolet nanoimprint lithography (UV-NIL), which involves

an optical exposure, requires fabrication of transparent nanostructured masters.

Dielectric materials appropriate for this purpose present a difficulty when

employing EBL for their nanostructuring. Unlike with conducting and semicon-

ducting substrates, polymeric resist layers such as PMMA on top of insulators

accumulate charge during EBL exposure, which deflects the beam and distorts the

pattern [74–76].

The solutions revolve largely around usage of conducting anti-charging layers. It

has been demonstrated that thin (from 5 nm) overlayers of light metals such as Al,

Cr, or Cu, can be functional when fabricating periodic grating patterns with a pitch

up to 150–200 nm [77]. Such coatings, however, result in electron beam scattering

in the metal layer and subsequent broadening of the exposure profile in the resist,

which limits the resolution at the deep nanoscale. The technique also tends to

decrease the process sensitivity [77].

Fig. 2.34 SEM images of the clamping point: (a) tilt-view showing clamping features and

release, and (b) top-view showing width uniformity
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An example of an alternative process where a metallic anti-charging layer is

located underneath the resist is given in Fig. 2.35 [78]. In brief, a UV transparent

fused silica (FS) substrates is coated with a sputtered 30 nm Al film, followed by

spin coating a 60 nm layer of PMMA resist. In this PMMA/Al/FS scheme, the Al

layer works as a charge conduction layer during e-beam exposure, and later, works

as hard mask for pattern transfer into the FS substrate via glass etching. After

10 keV EBL exposure with a Raith 150 system and development of the PMMA,

reactive ion etch (RIE) is carried out to transfer the pattern to the underlying Al

layer.

As the next step, The EBL features from the Al layer are transferred to the fused

silica substrate by a RIE process. The Al mask is then removed from the substrate.

Figure 2.36a, b shows the examples of an Al grating pattern with composed of

~40 nm lines with a ~60 nm interline distance, and a corresponding grating pattern

in fused silica, respectively. An edge roughness is visible that occurs because

nanocrystalline grains are formed during Al deposition by sputtering. Although

Fig. 2.35 NIL mask fabrication schemes: (a) glass substrate is coated with Al and PMMA.

(b) Patterns generated by e-beam exposure are realized in PMMA, (c) which is then transferred to

the Al layer using dry etch with PMMA acting as the etch mask. (d) Patterns are then transferred to

the glass substrate via glass etch process with the Al layer acting as hard mask. Finally the Al mask

is removed from the fused silica surface

Fig. 2.36 100 nm pitch gratings with less than 40 nm wide lines realized in the Al layer (a), and

released in a fused silica substrate (b). An edge roughness resulting from metal grains is visible
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the grain size can be deceased by carefully selecting the conditions of deposition

and the metal [79], the roughness in the released FS pattern caused by the metallic

grains is a quite common challenge of this approach.

A different solution is to use a layer of a conducting polymer instead of a metal

layer, in which case the polymer is usually deposited of top of the EBL resist [80].

Figure 2.37 presents an example of dense arrays of posts, only ~30 nm across and

with 50 nm pitch, released in fused silica [78]. In this process, a 90 nm thick film of

PMMA was coated with 70 nm of water soluble, conducting polymer (aquaSAVE

from Mitsubishi Rayon [81]), and the pattern was generated using 30 kV e-beam

exposure with a Raith 150TWO system. After removal of the anti-charging layer and

development of PMMA, an 8 nm film of Cr was sputter deposited and then lifted-off

in an ultrasonic bath. The patterns realized in Cr were then transferred to the FS

substrate by RIE. In comparison with metallic layers deposited on top of the resist,

polymers introduce less beam broadening, offering a stronger potential in an

increase of resolution at the deep nanoscale. The lift-off stage, however, turned

out to be somewhat pattern sensitive, with the quality of the released pattern of

same nominal size varied depending on the geometry [78]. Clearly, further process

optimization effort, including the insight from numerical modeling, is needed to

fully realize the potential of EBL on insulating substrates.

2.5 Summary

EBL is a complex process with many interacting parameters that affect the quality

of the resulting nanofabricated structures and the robustness of the process. An

approach has been presented for mapping regimes within which successful results

can be achieved, with a particular emphasis on PMMA as a model resist. An

analytic model of exposure and development has been presented as a tool to aid

this analysis. Use of low energy EBL has been explored to improve sensitivity and

Fig. 2.37 Array of posts

with 50 nm � 50 nm pitch

fabricated in a fused silica

substrate employing a

conducting polymer

aquaSAVE [81] of top of

PMMA as an anti-charging

layer
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reduce proximity effects. Cold development has been shown to improve process

windows and resolution, particularly in concert with low energy exposure. Appli-

cation of these tools and techniques to the improvement of an isolated nanoscale

bridge structure and a dense, insulating nanoimprint lithography master have been

presented.
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