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Abstract: Electron beam lithography (EBL) is one of the few “top-down” methods and EBL is becoming increasingly widespread in 
R&D and small volume production due to its flexibility and mask-less nature, very high (sub-10 nm) resolution and accuracy and in many 
cases EBL is the only possible alternative. In this paper, obtained experimental and simulation results for EBL nano-patterning using the 
high-resolution electron beam resist Hydrogen Silsesquioxane (HSQ) are presented and discussed. The influence of EBL process parameters 
such as exposure dose, resist thickness and development process conditions on the obtained developed images is studied. The applied 
simulation tool for the resists’ characteristics evaluation is suitable for a precise control of obtained image dimensions in the resist applied 
as a masking layer for nano-patterning. This investigation and simulation of the characteristics of the studied e-beam resist aim to improve 
the resolution of the nano-dimensioned electron beam lithography and results for nano-lithography applications are also presented.  

Keywords: ELECTRON BEAM LITHOGRAPHY, ELECTRON RESIST, EXPOSURE PROCESS, DEVELOPMENT PROCESS, 
EXPOSURE DOSE, RESIST PROFILES, RESOLUTION, MONTE CARLO SIMULATION, PROXIMITY EFFECT  

1. Introduction 
There are two main nanofabrication approaches: (i) bottom-up 

approach – the structures and devices are created from small to 
large, i.e. assembled from their subcomponents (atoms, molecules 
or even cells) in an additive fashion; and (ii) top-down approach – 
the fabrication goes from large to small using sculpting or etching 
to carve nanostructures and devices from a larger piece of material 
in a subtractive fashion.  

The polymer based electron beam lithography (EBL) is one of 
the most widely applied techniques for the production of 
nanostructures in R&D, for prototyping, production of photomask 
and imprint mold. Application range is wide, i.e. the development 
of sensors, nanophotonic devices, high frequency electronics, 
spintronics, molecular electronics, Bit-patterned media, quantum 
dots, nanowires, nanomechanical devices, etc.  

Various limitations of EBL resolution - spot size, electron 
scattering, secondary-electron range, resist development, and 
mechanical stability of the resist are subject of research in the 
attempt to push further the boundaries of EBL down into the 
nanometer range.  

EBL allows the direct writing of nanostructures with 
dimensions below 100 nm and in special cases even with sub-10 nm 
dimensions. Achieving sub-100 nm structures using EBL is a very 
sensitive process determined by various factors, starting with the 
choice of polymer resist material and ending with the development 
process.  

Resist materials are crucial elements in EBL and their 
performance determines the final results of the structures patterning. 
Our aim in this paper is to characterize electron sensitive material – 
a high-resolution negative electron beam resist Hydrogen 
Silsesquioxane (HSQ). Experimental and simulation results 
obtained for EBL nano-patterning using this resist are presented and 
discussed. 

1.1. Electron beam lithography method  

Electron beam lithography is based on physico-chemical 
changes in the resist thin layer [1]. The commonly used resists are 
polymers dissolved in a liquid solvent with small molecule 
additives to enhance the lithographic performance of the material.  

During the electron beam exposure, the result of inelastic 
collisions of electrons with the resist is the ionization (secondary 
electron generation), where an incoming electron provides enough 
energy to cause an electron to be removed from an atom.  In 
polymers, these lead to many different chemical reactions, which 
are classified as either chain-scission or crosslinking reactions. 

 

In case of chain-scission, a polymer chain is broken up into 
much smaller pieces. This reduces the molecular weight of the 
resist, which makes it more soluble in an organic solvent 
(developer). The exposed area is dissolved away, leaving unexposed 
areas of the resist to form the designed pattern. In this case, polymer 
is used as a positive resist. If crosslinking polymers form three-
dimensional structures during an electron beam exposure, then the 
exposed areas are insoluble in a solvent. In such case polymers are 
used as a negative resist. Typical positive and negative resist 
profiles are shown in Fig. 1 [2]. 

 
Fig. 1 Resist profile of 600 nm thin positive resist CSAR62 on silicon 

substrate (a), and 600 nm thin negative resist SU-8 on silicon substrate (b). 

The lithography process consists of the following technological 
steps: surface preparation (cleaning, dehydration, adhesion 
promoter application), resist coating (spin coating, spray coating, 
pre-bake (soft bake), exposure, post-exposure bake (PEB), 
development, post-bake (hard bake), processing the resist as a 
masking film, resist stripping, post process cleaning (ashing) [3].  

General scheme of the resist based electron beam lithography 
process is shown in Fig. 2. The electron energy can be varied from 
1 keV up to 100 keV, however, for high-resolution patterning is 
convenient 30, 50 and 100 keV, depending on the equipment 
complexity.   

 
Fig. 2  General scheme of the lithography process [2]. 

The resolution of electron beam lithography is set by various 
factors such as beam size, resist material, exposure dose, 
development process and also the writing strategy [4]. 

1.2. Materials sensitive to electron irradiation 
The resolution of electron optical systems can approach 0.1 nm, 

so the ultimate resolution of electron beam lithography is set by the 
resolution of the resist and by the subsequent fabrication process 
[5], therefore superior resists are crucial for the application of e-
beam lithography. Commonly used electron beam resists are 
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polymer materials such as poly-methyl-methacrylate (PMMA) [6]. 
Positive polymer resists are used in micro- and nanopatterning 
down to sub-20 nm dimensions, however they are limited with the 
size of the molecules.  Examples of optimized, PMMA-based ultra-
high resolution lithographic device fabrication are demonstrated in a 
number of publications, e.g. silicon carbon nitride (SiCN) bridge 
resonator fabrication technology [7] employing a low-voltage, cold 
development EBL process [8].  

In the last decade, there has been significant interest in the 
usage of an alternative inorganic EBL resist hydrogen 
silsesquioxane (HSQ) with the chemical formula [HSiO3/2]2n [9]. 
HSQ (Dow Corning) is a negative tone resist which cross-links to 
form an insoluble silica-like structure. HSQ is used as a high-
resolution resist with resolution down below 10 nm when using 
very small spot sizes and acceleration voltages of 100 keV [4, 
10,11,12]. On the other hand, as inorganic resist material, it is 
attractive material as a masking layer in reactive ion etching (RIE) 
because of selectivity in RIE is higher in comparison with polymer 
resists.  

The use of HSQ as a negative tone resist for electron beam 
lithography (EBL) was published in [9]. Investigation of 
lithographic characteristics of HSQ resist was published in some 
publications [13].  

High-contrast and high-resolution patterning in HSQ has 
numerous potential applications. For instance, quantum dots, large-
area patterning of dot structures for the fabrication of high-density 
bitpatterned media, novel superconducting single-photon detectors 
[14,15]. Patterning of submicrometer structures in III/V 
semiconductors using 150 nm thin HSQ as an etch mask in SiCl4 
plasma was published in [16]. TiO2 structures for gas detection 
sensors with a minimal size of 70 nm were successfully fabricated 
by ICP RIE etching in CF4/Ar plasma through 120 nm thin negative 
e-beam resist HSQ [17]. 

2. Experimental procedure 
Experimental investigation was performed for HSQ resist on 

130 nm TiO2 thin film on SiO2/Si substrate as inertness to chemical 
environment and long-term photo-stability have made TiO2 an 
important component in many practical applications and in 
commercial products [17].  Among other applications, TiO2 it is one 
of the most attractive materials for gas sensors development due to 
its chemical stability, biocompatibility, and catalytic, optical, and 
electrical properties [ 18]. Experiments have been performed using 
electron beam lithography control system Elphy Quantum (Raith) 
installed on scanning electron microscope (SEM) Quanta FEG 
(FEI) with   field emission cathode and Gaussian intensity 
distribution [19]. Electron energy was varied for 10, 20 and 30 keV, 
beam current 20-100 pA. Thin film of HSQ resist XR-1541 (Dow 
Corning) was prepared by spin coating method for 50 and 150 nm 
thicknesses, and HSQ resist FOX-25 (Dow Corning) was coated for 
600 nm thickness. After exposure, HSQ resist was developed in 
Microposit MF-322 developer (2.38 % aqueous solution of tetra-
methyl-ammonium hydroxide (TMAH)) for 60 sec and 25 wt% 
aqueous solution of TMAH for 10, 30 and 60 sec, rinse 10 sec in 
deionized water.  

To extract the main numerical lithography parameters, some 
exposure tests have been used, described elsewhere [20]. The 
exposure wedge test EW was analyzed to extract the dose-to-clear 
and the contrast numerical value from the characteristic curve. The 
test pattern contains set of 50x200 micrometer strips which are 
exposed to doses with increasing small increments. The exposure 
dose for individual shapes was controlled by varying the electron 
beam dwell time, while keeping the current density of the incident 
beam constant. Thus, it was possible to derive the sensitivity curve 
and the dose compensation curve. After development, the resist 
thickness measurements were carried out using the standard 
profilometry technique (Alphastep). High-resolution scanning 
electron microscope Quanta 3D (FEI) was used for examination of 
exposure tests and dimension measurements in HSQ resist.  

3. Results and discussion 

3.1. Experimental results 
Problems with electron scattering (generally called “proximity 

effect’’) in the resist and substrate are demonstrated in Fig. 3. 
Pillars ordered into regular grating with the pitch 1000 nm (a) and 
500 nm (b) are exposed with a single shot (beam diameter of 
Gaussian beam) at 30 keV electron energy. The shape and size of 
the resist pillars are changed in dependence on the resist thickness, 
distance between pillars, exposure dose, patterned thin film material 
and thickness, substrate and electron energy. The diameters on the 
top of the pillars differ negligible from the designed ones while the 
measured diameters at the bottom of the pillars are changing 
significantly in comparison with the designed ones. It is caused due 
to the backscattering of electrons from the substrate which is 
significant in comparison with the forward electron scattering.  

The diameter at the pillar bottom is changing from 180 nm at 
the left down of grating with pitch 1000 nm up to 950 nm at the 
right up (Fig. 3a) over distance of 3 micrometer. In the case of 500 
nm pitch the situation is stronger (Fig. 3b). Pillars at the border of 
grating (left down) are falling down due to the low dose while the 
pillars in the distance of 3 micrometer from the border are 
overexposed (right up). 

  
Fig. 3 Demonstration of proximity effect in the resist and substrate. a) 

The left down corner of regular grating with the pitch 1000 nm. The 
diameter at the pillar bottom is changing from 180 nm at left down up to 950 
nm at right up. b) The left down corner of regular grating with the pitch 500 
nm.  

Due to the proximity effect, we have investigated influence of 
the resist thickness and distance between pillars on the shape and 
size of the resist pillars on TiO2 thin film. Electron energy 30 keV 
was chosen due to the requirement of maximum resolution and 
limitation of equipment (maximum accelerating voltage in SEM 
was 30 keV).  

Electron backscattering is remarkable over 5 µm distance in the 
case of 30 keV electron energy. E.g. the diameter of the pillars in 
array with the pitch 1000 nm is changing from 180 nm up to 950 
nm over distance of 3 micrometer.  

Usually, the thickness of HSQ resist in the patterning of 
nanostructures is varied within 50-150 nm. Our first attempt was to 
use 150 nm thin HSQ XR-1541 negative resist for TiO2 etching. We 
have investigated dependence of the pillar diameter on the exposure 
dose for various pitches. The diameter is increasing slowly with the 
exposure dose, so it is possible to control pillars diameter for 
various pitches using the exposure dose. In Fig. 4 (a), (b), (c)  
gratings of pillars with the pitches 500, 1000 and 2000 nm in 150 
nm thin negative resist HSQ XR-1541 on 130 nm TiO2 thin film for 
various dot exposure doses 0.18 pC, 0.82 pC and 0.50 pC 
correspondingly, dot dwell time 0.25 ms, beam current 26.7 pA, 
electron energy 30 keV, are demonstrated. A minimal pillar 
diameter of 45 nm was achieved in the case of 500 nm pitch. 

 
Fig. 4 Gratings of pillars in 150 nm thin negative resist HSQ XR-1541 on 
130 nm TiO2 thin film. Diameter/Pitch a) 45/500 nm, b) 80/1000 nm and c) 
85/2000 nm. Dot exposure doses 0.18 pC, 0.50 pC and 0.82 pC 
correspondingly. 
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Because of the resist thickness of 150 nm was not sufficient for 
repeatable ICP RIE etching of 100-200 nm TiO2 thin film, we have 
investigated the proximity effect in a thicker resist film.  

Resist thickness was chosen 600 nm using appropriate solution 
of HSQ FOX-25. The proximity effect in this case is remarkable. 
Measurements of the diameter on the top of the pillars were done 
for various pitches, and the results diameter/pitch were 60/120, 
55/140, 75/160, 50/200, 60/250 and 70/500 nm. Dot exposure doses 
were 0.053 pC, 0.059 pC and 0.33 pC, dot dwell time 0.25 ms, 
beam current 25.6 pA, electron energy 30 keV. 

The smallest diameter on the top of the pillars exposed in 600 
nm thin resist film was measured 35 nm. It is comparable to the 
diameter exposed and measured in the 150 nm thin resist film 
(45/500 nm). Significantly different is the situation at the bottom of 
the resist pillars. 

The influence of the proximity effect in the resist is remarkable 
within distance around 5-10 micrometers in the case of 30 keV 
electron energy. Varying the exposure dose we can control the 
shape and pillar diameter for various geometry configurations. 
Dependence of the resist pillar diameters on the exposure dose for 
the pitch 1000 nm is shown in Fig. 5. While the diameter on the top 
is nearly equal to 50±5 nm, at the bottom it is increased from 105 
nm, 195 nm, 375 nm, up to 500 nm at the dot exposure dose 
increasing from 0.052 pC, 0.059 pC, 0.078 pC up to 0.12 pC. The 
dot dwell time was 0.25 ms, beam current 26.7 pA, electron energy 
30 keV. 

 
Fig. 5 Dependence of the pillar diameter on the exposure dose for pitch 

1000 nm. Diameter on the top/at the bottom: a) 50±5/105 nm, b)  50±5/195 
nm, c) 50±5/375 nm, d) 50±5/500 nm. Dot exposure dose was 0.052 pC, 
0.059 pC, 0.078 pC and 0.12 pC correspondingly, dot dwell time was 0.25 
ms, beam current 26.7 pA, electron energy 30 keV. 

3.2. Simulation of e-beam exposure  
For investigation of the proximity effect of HSQ electron beam 

resist on a TiO2, simulation of the e-beam exposure process was 
performed applying our simulation tool [21,22,23]. During the e-
beam exposure process the resist material modifies the local 
solubility rate. The spatial distribution of the deposited energy 
density in the resist layer is the most important value that 
determines the characteristics of the obtained latent image created 
during the e-beam exposure process. The influence of HSQ resist 
thickness on the energy deposition distribution in the resist film has 
studied.  

Here in order to evaluate the dependence of resist thickness on 
the formation of TiO2 dots array, the energy deposition distribution 
at various depths in thin (150 nm) and in ticker (600 nm) HSQ resist 
film over 130 nm TiO2 was calculated. Fig.6 shows the radial 
distribution of the electron energy deposition in the resist layer of 
two depths 10 nm (on the top) (Fig.6a) and 150 nm (at the interface 
– at the bottom of the resist) (Fig.6b) in the case of 150 nm negative 
HSQ over 130 nm TiO2 on SiO2 on Si substrate with e-beam energy 
of 30 keV that is obtained following 10000 electrons (for each 
simulation) from a point source. The obtained results for the energy 
deposition function in the case of ticker resist film, namely HSQ 
resist with a thickness of 600 nm on 130 nm TiO2 over the same 
substrate and using the same e-beam energy are presented in Fig.7.   

It can be clearly seen (Figs.6, 7) two characteristic regions – a 
narrow one (near the e-beam axis) with an abrupt drop, representing 
the contribution to the EDF due to the forward scattering electrons. 
The wide part of the energy deposition distribution (Figs.6, 7) with 
a slightly varying drop corresponds to the contribution of the 
backscattered electrons. As the initial resist thickness increases, the 
area of the backscattered electrons broadening at the resist bottom, 
while the region of the forward scattering electrons broadens 
insignificantly.  

 
(a) 

 
(b) 

Fig. 6 Energy deposition function EDF (r) at two resist depths: 
(a) at the top of the resist; (b) on the resist bottom. HSQ film thickness was 
150 nm on 130 nm TiO2, on SiO2 on Si substrate, e-beam energy was 30 keV 
(point source).  

 
(a) 

 
(b) 

Fig. 7 EDF (r) at two resist depths: (a) at the top of the resist; (b) on 
the resist bottom. HSQ film thickness was 600 nm on 130 nm TiO2, on SiO2 
on Si substrate, e-beam energy was 30 keV (point source).  

The obtained results show that the e-beam lithography on the 
600 nm HSQ on TiO2 is associated with an enhanced proximity 
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effect in comparison with that on the 150 nm HSQ on TiO2 and 
especially at the bottom of the resist (Fig.7b). The ticker HSQ resist 
film causes an additional backscattering of penetrating electrons 
and, hence, an additional proximity effect in comparison with the 
thinner resist layer. This effect is greater in the ticker HSQ resist 
film and especially at the bottom of the resist as it is also 
demonstrated in the experimental results (Figs.4, 5). Therefore, the 
HSQ resist film is used must be thin as possible for fine TiO2 dots 
array formation.    

4. Conclusions  
Experimental and simulation results for EBL nano-patterning 

using the high-resolution electron beam resist Hydrogen 
Silsesquioxane (HSQ) on TiO2 thin film at 30 keV electron energy 
were presented and discussed. Dependence of pillar diameters on 
the exposure dose for 600 nm thin HSQ resist was studied. The 
influence of the HSQ resist thickness and the distance between the 
pillars on the shape and size of the HSQ resist pillars on TiO2 thin 
film was studied. A minimal diameter of 50/105 nm on the pillar 
top/at the pillar bottom in the case of 600 nm thin HSQ resist was 
achieved. A minimal pillar diameter was 45 nm in the case of 150 
nm thin HSQ resist on TiO2 thin film.  

Using our Monte Carlo simulation tool we calculated energy 
deposition distributions in the samples of 150-nm-thick and 600-
nm-thick HSQ resist layers on 130 nm TiO2 in order to evaluate the 
proximity effect on the resist thickness for the formation of fine dot 
arrays using e-beam energy of 30 keV. It is necessary to use the 
thinner resist film for patterning of dots array in TiO2 films.  
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