Double 15-nm-wide metal gates 10 nm apart and 70 nm thick on GaAs
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A method that can fabricate two narrow but thick metal lines separated by a small gap on a bulk
semiconductor substrate is described. By opening a 40-nm-wide trench in a single layer of 70-nm-
thick polymethylmethacrylate resist on GaAs using high resclution electron beam lithography,
and by double shadow evaporations and a lift-off, two 15-nm-wide metal lines 10 nm apart and 70
am thick were fabricated on a bulk GaAs substrate. The pitch size of the double metal lines is 25
nm. This is a factor of 2 smaller than the previous smallest pitch size on bulk semiconductors. It is
found that the width and spacing of the two lines are uniform over tens of microns. It is also found
that metals shadow evaporated on top of the resist can be removed successfully by a lift-off, even
though they were connected to the metals in the resist trenches. These results suggest that using
this method metal lines with even finer linewidth ( <15 nm) can be achieved on a bulk

semiconductor substrate.

. INTRODUCTION

Fabrication of lateral dual-gates electron quantum-interfer-
ence transistors reguires not only that width of gate-metal
lines be narrow, but also that separation of the two gates be
small and uniform since the separation determines width of a
quantum well, and that thickness of the gate-metal lines be
large since it determines gate resistance and therefore high
frequency performances of the devices.""” Previously, 8-nm-
wide metal lines 10 nm apart and 10 nm thick have been
fabricated on ultrathin carbon membrane using contamina-
tion resists, a high resolution electron beam system, and re-
active ion etchings.’ However, the finest metal lines with the
smallest separation on a bulk GaAs substrate are 10 nm
wide, 40 nm apart, and 15 am thick.* In this paper, we de-
scribe a process which can fabricate double 15-nm-wide met-
al lines 10 nm apart and 70 nm thick on a bulk GaAs sub-
strate. The method involves high resolution electron beam
lithography, a single layer polymethylmethacrylate
(PMMA) resist, double shadow evaporations, and a lift-off
process.

Although the shadow-evaporation technique has been
used to fabricate smail metal structures on a bulk substrate
for many years, it was limited to cases where metals were
shadow-evaporated from a fixed angle toward one sidewalt
of a trench structure.>® Furthermore, a lift-off process was
not used in cases where metals were shadow-evaporatedon a
resist step which has a relatively straight sidewall, since it
was believed that metal on the sidewall would be continuous-
ly connected to the metal on top of the resist and therefore
the lift-off would fail. In the novel process described in this
paper, metals were shadow evaporated twice from two near-
ly opposite angles toward both sidewails of a resist trench.
Moreover, a lift-off process is used to remove the metals on
top of the resist, leaving two fine metal lines of a very small
spacing on the substrate. Use of lift-off instead of reactive ion
etching or ion milling can avoid ion bombardment of semi-
conductors and therefore preserves high electron mobility of
semiconductor materials.
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Il EXPERIMENT

Bulk GaAs substrates were spin coated with a single layer
950 000 molecular weight PMMA. While two thickness of
PMMA were used, 37.5 and 70 nm, 70-nm-thick resist was
used in most of the experiments. After spinning the resist,
samples were baked at 16G °C for about 12 h. Line patterns
were exposed into resists using a high resolution electron
beam lithography system at a beam energy of 35 KeV and at
various doses, and were developed in cellosove:methanol
(3:1) developer at 22 °C for 7 s. Metals {(Ti/Au) were then
evaporated onto the resists profiles at angles varving from
normal incident to 36° from the normal direction. For some
samples metals were shadow evaporated only once from a
fixed angle toward one sidewall of resist trench; for other
samples metals were shadow evaporated twice from two
nearly opposite angles toward both sidewalls of a resist
trench. FThus two fine metal lines separated with a narrow
gap are formed in the same resist trench. Finally, the metals
on top of the resists were lifted off in acetone solvent. The
processing sequence for fabricating double metal lines is il-
lastratec schematically in Fig 1.

In the double shadow evaporations as depicted in Fig. 2,
linewidth of a metal line on a GaAs substrate from the first
shadow evaporation, LW,, is given by LW,
= W — Htan 8,, where W is the width of the trench, H is
the thickness of the resist, and 8, is the angle of incidence
from the normal during the shadow evaporation. Width of
upper-portion of the metal line is given by ¢ sin &, where is
the thickness of the metal if it is deposited from the normal.
Linewidth from the second shadow evaporation is given by
LW, =W —¢sin 6, — (H + fcos 6;)tan §,, where 8, is
the angle in the second shadow evaporation. Clearly, in or-
der to make linewidths of the two metal lines the same, the
incident angle in the second evaporation should be slightly
smaller than the first one. The thickness of metal lines fabri-
cated in this way is approximately equal to the thickness of
the resist. The important advantage of the double shadow-
evaporations process is that the widths and the separation of
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Fi6. 1. Basic steps for fabricating double fine metal gates with a small spac-
ing on GaAs substrate.

two metal lines can be smaller than the resolution of resist,
and yet thickness of metal lines—therefore the aspect ra-
tio—can be very large, and the width and the separation are
very uniform. These features are very desirable for metal
gates in lateral dual-gates electron quantum-interference de-
vices.

Our electron beam lithography system consists of a modi-
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Fi16. 2. Schematically illustration of double shadow-evaporations of metals.

Metal —>>

J. Vac. Sci. Technol. B, Vol. 8, No. §, Nov/Dec 1290

fied scanning electron microscope, JECL-840A, and a cus-
tom beam pattern generator designed and built in house.
Several measures have been taken to recuce the ncises from
floor vibration and electronics. The beam diameter at 35 KV
accelerating voltage is about 5 nm. The writing field can vary
from 3 X 4 g te 190 X 250 gm by selecting different magni-
fications of the microscope. A typical writing field in this
experiment is 2635 um. The patiern generator has
4096 < 4096 pixels for each writing field.

ili. RESULTS AND DISCUSSION

As the first step, we characterized linewidth of resist pro-
files written by electron beam lithography at different doses,
by evaporating Ti/Au of a thickness of 15/15 nm from nor-
mal incidence onto the substrate and lifting off the metals
outside of the resist trenches in acetone. Figure 3 shows the
linewidths of metal lines after the lift-off versus the beam
doses. Some lines were written with double scans in which
the electron beam wrote two passes with a separation of 6.2
nm. Due to electron scattering, after the development only
one line appeared in the resist. The metal linewidths were
examined using a scanning efectron microscope which has a
maximum magnification of 300 000.

We then examined if the lift-off process would work for
metals that were evaporated from an angle toward a resist
trench which has rather straight sidewalls. Two identical
samples were prepared, both having 70 nm thick PMMA on
GaAs substrates. Trenches with widths ranging from 30 to
70 nm were made in the samples by electron beam lithog-
raphy. The doses for each width were determined from the
linewidth versus dose chart given in Fig. 3. One sample was
cvaporated with metal at a normal incidence and the other
was evaporated with metal at the 36° from the normal. Met-
als on the top of the resist were lifted off in acetone. Exami-
nation using a scanning clectron microscope showed that for
normal evaporation the metal linewidihs are consistent with
the chart given in Fig. 3. For the 36° angle evaporation, no
metal lines were left after lift-off for trenches of width less
than 50 nm, while a metal linewidth of 25 nm resulted from
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FiG. 3. Width of Ti/Au metal lines after lift-off on GaAs vs line dose of
electron beam exposure. The PMMA resist is 70 nm thick, and beam energy
is 35 KeV.
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the 70 nm wide resist trench. The results from the shadow
evaporation is consistent with the calculations using the
equations given in Sec. . Figure 4 shows the metal lines
resulting from the normal evaporation and the 36" angle
evaporation of metal using a 70 nm wide resist trench. It is
quite surprising that lift-off is successful even though the
metals in the resist trenches were connected to the metals on
top of the resist. Two possible reasons might contribute to
this: it would be quite likely the sidewalls of the resist trench-
es are curved slightly and therefore the metals over the con-
vex corners of the resist profile are thinner and weaker than
the other part of the metal film, or metal films deposited
using an electron beam evaporator have a weak link at sharp
COnVeX corners.

To achieve closely spaced double fine metal lines, metals
were shadow-cvaporated twice from two nearly opposite an-
gles toward both sidewalls of a resist trench having a width
of 40 nm. In the first evaporation, Ti/Au with a thickness
5/5 nm were evaporated at an angle of 28°. And in the sec-
ond, Ti/Au with a thickness 5/5 nm were evaporated from
negative 26°. The slightly smaller angle in the second evapo-

ta}

Fie. 5. Pouble 1S-nm-wide Ti/Au metal lines 10 nm apart on GaAs made
by double shadow cvaporations onto a PMMA resist irenches of width of 40
nm. The evaporation was first from an angle 28° from the normal, and then
from a negative 26°. The Ti/Au thickness for each evaporation was 5/5 nm.
The PMMA resist was 70 nm thick.

ration takes into account the trench narrowing effect of the
first shadow evaporation to achieve almost equally spaced
double lines. After lift-off, two 15-nm-wide Ti/Au metal
lines of 10 nm apart are left on a GaAs substrate, as shown in
Fig. 5. The pitch size of the double metal lines is 25 nm. This
is two times smaller than the previous smallest pitch size on
bulk semiconductors. Using this shadow-evaporation tech-
nique the thickness of the metal should be equal to that of the
resist, 70 nm. Examination using scanning electron micro-
scope also showed that the linewidth and line spacing are
uniform over tens of microns.

Figure 6 shows two 15-nm-wide Ti/Au metal lines of 40
nm apart and 70 nm thick on GaAs made by double shadow
evaporations onto the sidewalls of a 70-nm-wide resist
trench. We also successfully applied this double shadow-

(b}

F1G. 4. The Ti/Au lines resulied from evaporateion of Ti/Au from (a) the

normal, and (b) 36° angle, into a 70nm-wide PMMA resist trench.
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F1G. 6. Double 15-nm-wide Ti/Au metal lines 40 nm apart on GaAs made
by shadow evaporation twice. The opening of PMMA trench was 70 nm
wide, and the thickness of the resist was 70 nm.
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FI1G. 7. Double 17.5-nm-wide Ti/Au metal lines 15 nm apart on GaAs made
by shadow evaporation twice. The Ti/Au thickness for each evaporation
was 10 nm. The opening of PMMA trench was 50 nm wide and the resist
was 37.5 nm thick.

evaporation technique to thinner (37.5 nm) PMMA resist.
Figure 7 shows double 17.5-nm-wide Ti/Au metal lines
15nm apart on GaAs made by double shadow evaporations.
The Ti/Au thickness for each evaporation was 10 nm, and
the opening of PMMA trench was 50 nm wide.
Experiments have been repeated several times and results
were consistent. To further investigate linewidth, spacing
and straightness of the metal lines, cross-section scanning
electron microscope (SEM) examination is needed.

V. CONCLUSIONS

We have described a method that can fabricate two nar-
row metal lines of a very small gap on a bulk semiconductor
substrate. We have demonstrated that by opening a 40-nm-
wide trench in a 70-nm-thick single layer of PMMA on
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GaAs using e-beam lithography, and by double shadow
evaporations and lift-off, two metal lines of 15 nm wide, 10
nm apart, and 70 nm thick were fabricated on thick GaAs
substrate. The pitch size of the double metal lines 1s 25 nm.
This is a factor of 2 smailer than the previous smallest pitch
size on bulk semiconductors. We have found that the width
and spacing of the two lines fabricated using this method are
uniform over tens of microns. We also have found that met-
als deposited by shadow evaporation can be successfully lift-
ed off. This suggests that using this method, metal lines with
even finer linewidth ( <15 nm) can be achieved on bulk
semiconductor substrate. We believe this method is useful
for fabrication of various lateral dual-gate clectron quan-
tum-inteference transistors.
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