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ABSTRACT 
 
Quantum dot single electron transistor (QD SET) is able 

to be fabricated through a joint technique of e-beam 
lithography (EBL), pattern dependent oxidation (PADOX) 
and high density plasma etching. In this research, we have 
fabricated amount of masks for preliminary works in 
preparation of single electron transistor design. In detail, 
one of them is mask for doped area separator and others are 
for formation of source-QD-drain, poly-Si gate, point 
contact and metal pad. They all are designed using GDSII 
Editor software offline and then exposed using SEM based 
EBL. In this paper, we demonstrate all of patterned masks 
and their nanostructures of SEM and atomic force 
microscopy (AFM). Shape and dimension biases of 
schematics and SEM images are found where it is accused 
by proximity effect, design dimension and inaccurately 
plane of focus. 
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1 INTRODUCTION 
 
There are three common types of SETs such as nano 

wire, carbon nano tube (CNT) and QD SET that it basically 
consists of major structure of a conventional gate capacitor 
and two tunneling capacitors forming source and drain 
[1,18]. Two different methodologies have been proposed 
for fabrication of silicon quantum dot in previously 
published papers: (i) a bottom up and (ii) top-down 
approach. EBL is the most commonly used technique in 
this field, and many researchers have been investigating 
how to use it to make nanopatterns, such as Fulton and 
Dolan made SETs using an offset mask technique [19]. By 
using EBL to define the QD instead of stress dependent 
oxidation rate, the size and shape of dot can be better 
controlled [7].EBL is currently the production technique of 
masks used for other kinds of lithography. Its resolution 
will mean that it is always the choice for direct-write one-
off production [14]. The amount of masks used in SET 
fabrication process depends strongly on each route of 
process where as they decrease, SET fabrication process 
will be simpler. Several attempts have therefore been made 
to develop a technique where different layers or function 

parts of the SET device are prepared in separate lithography 
steps [22]. In general, researchers have used some masks in 
their SETs fabrication such as masks for formation of point 
contact pad [17,18], poly-Si gate [10,2], metal pad and for 
ion implantation [18,16], plasma oxide maso of Si etching 
[15,11] or defining Si structure [10]. Even additional masks 
are frequently applicable for SET fabrication such as 
aluminium sacrificial [5,21] or suspended mask [12]. 
Constrictions as tunnel barriers enable to be fabricated 
using etch mask that defined by EBL [3,23]. In this paper, 
we report techniques how to design, optimize and fabricate 
masks for SET fabrication.  

 
2 EXPERIMENTAL PROCEDURES  

 
Square substrates of 15 mm x 15 mm in size prepared of 

silicon wafer in specifications of <100> crystal orientation, 
P/B type/dopant, diameter of about 525 nm and resistivity 
of 1 to 10 ohm.cm, are as the starting materials. Wafer 
silicon cut in parallel to the shortest wafer diameter is to 
prevent the unbroken wafer. Such square substrates with 
straight sides of 3 minimum are to easily place in adjusting 
stage position when focusing SEM image, therewith we 
will able to observe design patterns on the developed resist. 

Wafer is first cleaned to remove either organic or 
inorganic contaminants using standard cleaning 1 with 
procedures like the following: dip in RCA-1 solution at 
temperature 75ºC for 10 minutes, rinse in de-ionized (DI) 
water, dip in buffer oxide etch (BOE) for 10-15 minutes, 
rinse in DI-water, dip in RCA-2 solution at temperature 
80ºC for 10-15 minutes, rinse in DI-water and then dried on 
the spinner. In addition, RCA-1 and RCA-2 solutions were 
heated up to 75ºC and 80ºC using corning hotplate. 

The dried substrates were heated up to 200ºC for 30 
minutes using conduction hotplate JB-TEK Honeywall and 
thereafter cooled down to room temperature. So It is 
currently ready to be exposed using EBL. Meanwhile, mask 
4 is specifically spin coated with 495 PMMA positive resist 
on the ramp up of 500 rpm for 6 seconds, spin speed of 400 
rpm for 30 seconds and ramp down of 0 rpm for 5 seconds. 

Such masks were designed using offline GDSII Editor 
software by considering proximity effects, optimum 
resolution of resist and e-beam equipment. In this research, 
we have fabricated five masks consist of doped area 
separator mask and masks for source-QD-drain, poly-Si 
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gate, point contact and Al metal pad formation. The reason 
for the size difference is considered to be effects of the 
resolution of the lithography in which the optimum 
resolution of ma-N 2403 negative resist is 50 nm and 
minimum area step size of version 4.0 Raith software EBL 
is 40 nm. However, single QD is designed in the range of 
that equipment resolution and in fact biases of resist pattern 
width of SEM micrograph images are frequently found 80 
nm wider than that of GDSII design. Mask 4 was 
specifically spun of 495 PMMA (polymetylmetacrylate) A4 
resist 4% in anisole and while others were spun of ma-N 
2403 negative resist. 

To expose pattern design on the resist surface, EBL 
system is first set up as follows: 20 kV accelerating voltage, 
45 spot size, 200 micron field size, 450X microscope 
magnification and e-beam dose ranges from 180 µAs/cm2 
to 235 µAs/cm2. After e-beam exposure, SEM vacuum 
chamber is vented to take out sample. Subsequently, 
samples were developed in a methyl-isobutyl-ketone 
(MIBK, PMMA solvent) mixed with three parts of 
isopropyl alcohol (IPA, non solvent) to obtain higher 
contrast [13] for 30 seconds and then dipped in IPA for 15 
seconds to 30 seconds. The developed nanostructures were 
then characterized by using SEM (JEOL SEM 6460LA) 
and atomic force microscopy (AFM SPI Probe Station 
3800N, SPA400 Sound Proof Housing). 

 
 

3 RESULTS AND DISCUSSIONS 
 
Figure 1(a) is a schematic drawing of mask 1 that used 

to insulate un-doped area of doped area during doping 
process done. If dimension of mask 1 as shown in Fig. 1(a) 
we compare with dimension of SEM image as shown in 
Fig. 1(b), we could observe that in Fig. 1(b) appears the 
lower part width of resist mask 1 is about 176 nm and the 
upper part width of resist mask 1 is 462 nm. The total 
length of mask 1 is 798 nm while the dark part length is 607 
nm. The resist mask 1 with 23.36 nm peak height is 
measurable through profile line analysis of AFM image as 
shown in Fig. 1(c) where it seems uniformly flat. SEM 
image shows blunt mask edges and imaged dimensions 
biased of initial dimensions. Many researchers have used 
implantation mask in their doping process [9,16]. Meantime 
Kobayashi et al. (2006) have used this mask as suspended 
mask. 

 

  
(a) 
 

 
(b) 
 
 
 
 
 
 
 
 
(c)  
Figure 1. (a) Schematic drawing of mask 1, (b) SEM 

image of mask 1 and (c) AFM image of mask 1. 
 
Figure 2(a) is a schematic drawing of mask 2 for source-

QD-drain formation. Subsequently figure 2(b) shows a 
resist dot between masks of source and drain which have 
minimum source dimension of 767 nm x 591 nm and drain 
dimension of 740 nm x 552 nm. Meanwhile, especially dot 
diameter like Fig. 2(b) is 297 nm and the dot diameters of 
AFM images range from 134 nm to 161 nm. On the other 
hand, in three dimensions, these resist nano dots seem like 
cones as shown in Fig. 2(c). We have fabricated many 
samples and found that the peak height of cone nano dots is 
in the range of about 10 nm to 200 nm. Both of area spaces 
between source-dot and dot-drain resist mask function as 
nano constrictions (tunnel barriers). The design of nano 
constrictions were varied to observe the optimum 
dimension. 

 

 
(a) 
 

 
(b) 
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(c)  
Figure 2. (a) Schematic drawing of mask 2, (b) SEM 

image of mask 2 and (c) AFM image of mask 2. 
 
Figure 3(a) is a schematic drawing of mask 3 that used 

to form poly-Si top gate. Basically design of mask 3 is the 
same as mask 1 where this equity is devised for accurately 
alignment. Image in Fig. 3(b) seems narrower than that of 
Fig. 1(b), in addition, mask 1 is resulted at condition under 
development and inversely mask 3 is resulted at over one 
condition. In this research, sufficiently small area step size 
and e-beam dose will result deflected lines of SEM image. 

 

 
(a) 
 

 
(b) 
 
 
 
 
 
 
 
 
 
(c)  
Figure 3. (a) Schematic drawing of mask 3, (b) SEM 

image of mask 3 and (c) AFM image of mask 3. 
 
Figure 4(a) is schematic of mask 4 for point contact 

formation and Fig. 4(c) is image of such mask that captured 
under AFM and then to complete these characterizations, it 
is also viewed under SEM. In fact SEM image of mask 4 
shows lighter pattern than background and on the other 
hand, SEM images of others masks inversely show darker 
pattern. In addition, point contact patterns spin coated of 
positive resist seem like holes and inversely point contact 
patterns spin coated of negative resist like peaks. The 
lighter color of pattern lines of negative resist is a trend side 
profile. The width of negative resist pattern lines can be 
optimized by focusing SEM. Fig. 4(b) shows point contact 
mask of 294 nm width and the hole depth of mask 4 is 7.41 

nm. Schematic of mask 4 are squares but in SEM image 
seems circles. Therewith we found shape bias of mask 
schematics and SEM images of mask where according to 
Hudek & Beyer (2006), this is accused by proximity 
effects. Therefore, existing correction techniques rely on (i) 
shot-by-shot modulation of the exposure dose, (ii) 
modification of pattern geometry (shape bias), or on (iii) 
combining of both methods [8]. 
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(c) 
Figure 4. (a) Schematic drawing of mask 4, (b) SEM 

image of mask 4 and (c) AFM image of mask 4. 
 
Metal pad mask of this SET design is schematically 

drawn as shown in Fig. 5(a). Figure 5(c) shows AFM image 
of mask for metal pad formation, where for fabrication of 
this mask will be used aluminium as an alternative metal 
pad material. In figure 5(b), the dimensions of this mask are 
as the followings: side width of 693 nm, center width of 
568 nm and the length of 1.206 nm. In three dimensions, 
Fig. 5(c) shows the peak height of resist mask of 14.41 nm. 
Equipment-related parameters are also critical in nano-
patterning, when a variable-shape pattern generator is used 
for resist exposure. All of masks show that the line edges 
are not sharp. In this context, the line edges were defined by 
the shape of the circle beam shots. Therefore, to enhance 
edge line sharpness, it is recommended to use a rectangular 
beam shots. The line-edge roughness is defined mainly by 
the shape of the rectangular beam shots, and the stitching 
errors at the joint-point of two shots. These two problems 
are influenced by the quality of the rectangular apertures 
and the alignment of the e-beam formation system [14]. 
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(c) 
Figure 5. (a) Schematic drawing of mask 5, (b) SEM 

image of mask 5 and (c) AFM image of mask 5. 
 

4 CONCLUSIONS 
 
In conclusion, direct write EBL is a useful technique for 

fabrication of QD SET masks with small critical dimension. 
The EBL resolution is limited not by e-beam diameter, but 
by a combination of proximity effects, resist chemistry and 
e-beam alignment. In this work, direct write EBL process 
was optimized to fabricate different types of masks. 
Recently fabrication of cone nano dots that ranges from 134 
nm to 161 nm has been demonstrated for negative resist and 
fabrication of point contacts of 294 nm has also been 
demonstrated for positive resist. The other masks have been 
fabricated of negative resist in the range of above 153 nm. 
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