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In the paper, the verification of using the electron beam lithography technique as a main lithography
tool for device fabrication is presented. The results of conducted experiments allow us to minimize
the exposition time of big areas and retain acceptable metallic structures resolution and designed
distances for structures in the neighborhood of a few micrometers. Conducted statistical analysis
allows us to define the significance of the selected factors influence on the objectives of this study.
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1. Introduction

Electron beam lithography (EBL) is a high resolution technique that is not commonly
used in a micro- and nano-electronics industry as a main technique. Due to low tech-
nological yield, it is used mostly in the high precision steps [1, 2] or for mask fabri-
cation [3]. Nevertheless, EBL could be used as a main lithography process, also for
exposition of big areas, during devices fabrication process. Such a situation can take
place where the time of exposition process is not crucial, for example while developing
a new concept of devices layout. It gives an opportunity for flexible processes design.

To make EBL technique practically useable as a main lithography technique, it
must fulfill both the requirements of low exposition time and simultaneously high res-
olution Therefore, the exposition of big areas by electron beam lithography must be
studied and optimized.

2. Experiment

For the conducted experiments, the AlGaN/GaN HEMT structures with e-beam sensitive
resists – PMMA/MA and PMMA – were used. Electron beam lithography was done
by PIONEER system. Expositions were conducted for 33 800 μm2 areas (sum of all
structures in every exposition module) in a meander mode with constant area dose –
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100 μm/cm2. The mask design includes the test structures for resolution and quality
verification, Fig. 1. 

The most important part of the mask design contains long rectangles, situated close
to the big area exposition - a square, with distances between them in the range of
2–5 μm. Leaving these distances between the structures after the lift-off process will
determine the quality of exposition process. Fabrication of a few micrometers distances
between big metallic areas or pads with good resolution in a short time can be applied
for the transistor technology, in a source-drain part of device fabrication, leaving space
for the gate electrode.

After the TiAu evaporation process, the lift-off process assisted with an ultrasound
bath took place. The measurements were done by a scanning electron microscope
Hitachi SU 6600. Final metallic structures are presented in Fig. 2. 

Selected test parameters were: extra high tension (EHT) value and aperture size,
which determines the probe current. These last parameters decide strongly on an ex-
position time, which is one of the interest of the study. EHT value is responsible for
the e-beam penetration depth on the resist stack and the substrate. 

The objective of this study was to evaluate the influence of these two parameters
on test structures resolution and characterize the best configuration of their values to

Fig. 1. Part of the mask design.

Fig. 2. Metallic test structures – optical microscope.
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obtain the shortest time of exposition. All the values of technological factors and the
results are collected in Table 1. 

3. Results
The statistics was developed using the two-way analysis of variance (ANOVA).
The experiments were conducted as a 4×2 factorial treatment for the 2 and 3 μm dis-
tances and 3×2 for the 4 and 5 μm distances. The experimental factors were: aperture
size (two levels: 30 and 60 μm) and EHT value (four levels: 10, 15, 20, 25 kV).
The dependent variable was the distance between the test structures, described in the
experimental part and shown in Fig. 1. We considered four different distances: 2, 3,
4, and 5 μm. For post-hoc verification, HSD Tukey’s test was done. The effects of ex-
periments are illustrated in Figs. 3. 

T a b l e 1. Parameters and results of conducted experiments. 

Aperture 
[μm]

60 60 60 60 30 30 30 30

Exposition time
[s]

19 16 20 25 95 76 61 69

Beam current
[nA]

1.978 2.241 1.841 1.431 0.339 0.431 0.525 0.473

EHT
[kV]

25 20 15 10 10 15 20 25

Mean distance 2 μm
[μm]

2.65 2.18 1.97 1.97 2.01 2.05 2.17 2.47

Error
[μm]

0.05 0.04 0.01 0.05 0.02 0.08 0.11 0.05

Mean distance 3 μm
[μm]

3.79 3.71 3.43 3.38 3.09 3.14 3.42 3.45

Error
[μm]

0.04 0.08 0.02 0.02 0.03 0.01 0.17 0.10

Mean distance 4 μm
[μm]

– 4.30 3.95 4.03 3.99 4.04 4.27 4.49

Error
[μm]

– 0.10 0.02 0.02 0.02 0.04 0.14 0.09

Mean distance 5 μm
[μm]

– 5.72 5.44 5.39 5.12 5.25 5.36 5.51

Error
[μm]

– 0.07 0.05 0.02 0.03 0.04 0.10 0.09

Mean area 10×10 μm
[μm2]

96.99 96.95 97.57 99.00 102.48 103.06 102.20 101.62

Mean area 20×20 μm
[μm2]

408.63 405.17 407.55 409.89 414.56 419.2 418.06 415.75
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Based on conducted analysis, we can reject the null hypothesis, which states that
there is no difference among the mean distances between the test structures for two
technological factors used, for all four studied cases. The value of EHT had a signif-
icant effect on distance for all conducted cases for p < 0.001. Also the main effect of
aperture size for distance 3 and 5 μm is statistically significant for p < 0.001:
F(1,40)3 μm = 192.83 and F(1,30)5 μm = 195.5. Unfortunately, there is no significant
difference for distances 2 and 4 μm. 

The interaction for the entire two-way ANOVA was not significant for all distance
cases (see Fig. 3). For 2 μm the interaction was strong, F(3,40) = 12.78, p < 0.001.
The interaction for 3 μm was very small, and far from being significant, F(3,40) = 0.41,
p < 0.75. There is a fairly small amount of interaction for 4 μm, F(2,30) = 2.8, p < 0.25.
The effect for 5 μm was qualified by a significant interaction, F(2,30) = 6.4, p < 0.005.

4. Discussion
Based on conducted data analysis, both experimental factors influence the final result
of structures fabrication, what is consistent with the theory. The distances between the
test structures increase with a higher value of EHT for both aperture sizes, Table 1.
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Fig. 3. Average distances between test structures in a function of EHT for 0.95 confidence interval. Design
distances: 2 μm (a), 3 μm (b), 4 μm (c), and 5 μm (d).
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High beam voltage prevents the increase in an effective beam due to forward scattering
in accordance with the empirical formula [4]:

df = 0.9(Rt /Vb)1.5 

where Rt is the resist thickness in nanometers and Vb is the beam voltage in kilovolts.
Unfortunately, for technological reasons, the used resist thickness for the top layer of
an employed stack was approximately 280 nm, what provokes the electron beam prox-
imity effect occurrence for higher EHT values in this region. Because the fabrication
of a rectangle which separates the contact pads was done with positive resists, measured
distances increase with EHT values. Nevertheless, the closest distances were obtained
for 10 kV due to probably not optimized resist developing time.

For all considered distance cases, bigger aperture size determines greater distances
between the structures, marked by dashed lines in Figs. 3a–3d. The tendency of this
effect is not homogeneous, which is caused by differences, in some ranges, between
the beam current values for every configuration of used technological parameters,
Table 1. Also this could be the reason why the main effect of aperture size for 2 and
4 μm distance is not significant. 

Exposition time results of conducted experiments and values of used technological
parameters are collected in Table 1. Tests with the best effects of average distances
between metallic test structures for every aperture size are highlighted. For both cases
the best resolution was obtained for 10 kV of EHT and the lowest beam current value.
Unfortunately, high resolution is not concurrent with the shortest time of exposition.
It is connected with the EHT value influence on the beam current value, which is not
constant for conducted tests with selected aperture size: for aperture size 30 μm it is
in the range of 0.339–0.525 nA and for 60 μm – in the range of 1.431–2.241 nA.

Results of the areas size for the metallic squares designed as 10×10 μm and
20×20 μm are illustrated in Fig. 4. The best group of technological parameters for these
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Fig. 4. Area measurements for 10×10 μm (a) and 20×20 μm (b) metallic pads in a function of applied
EHT for 30 μm () and 60 μm () EBL aperture.
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test structures are not the same as for distances. This effect occurs because of different
character of fabrication of metallic squares and of distances between the test structures.

5. Conclusions

Conducted experiments allow us to select technological parameters for short exposi-
tion time and high resolution at contact pads fabrication with a few micrometers dis-
tance between them. Based on two-way ANOVA analysis, we can conclude that EHT
value and aperture size strongly influence the resolution of the structures and time of
their fabrication. In most cases we can confirm the interactions between these two pa-
rameters. The best results of the experiments were obtained with 30 μm aperture and
10 kV EHT in time of exposition 95 s for area size 33800 μm2. Over three times shorter
time of exposition appeared to be sufficient for a bigger aperture size – 60 μm with
only slightly losing the resolution. Obtained results allow us to use the EBL technique
for complex device fabrication in laboratory regime at accepted processing time and
structures quality.
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