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We have constructed a “nanobeam process system™ which is applicable to high resolution electron
beam lithography using inorganic resists and is also compatible with electron beam induced surface
reaction. It is a 50 kV electron beam lithography system with a gas introducible ultrahigh vacuum
sumple chamber using a double chamber stage system which isolates stage mechanisms from the
sample chamber. The probe size measured with a knife edge method was 2.8 nm. where the probe
current was 127 pA. The base pressure of the sample chamber was 3.5X 1077 Pa after baking. The
pressure of the gun chamber did not vary at all and the pressure rise of the mechanism chamber was
3X107% Pa when the pressure of the sample chamber increased 1o 1X107% Pa during N, gas
introduction. Standard deviations of stitching and overlay accuracy were 14 and 18 nm, respectively.
Line patterns with a width of about 5 nm and a pitch of 15 nm were delineated in SiO, when used

l. INTRODUCTION

For electronic devices based on quantum effects or Cou-
lomb blockade phenomenon, reduction of feature sizes is a
requirement for demonstration of these functions at higher
temperature. Electron beam (EB) lithography in which 10—
20-nm-wide patierns are delineated using organic resists' is
thought to be one of the most promising tools for such nano-
fabrication. Inorganic resists such as metal oxides and metal
halides are candidates for higher resolution resists.> How-
ever, contamination grown during EB exposure in a low
vacuum prevents self-development of sublimation-type ma-
terials or reduces the resolution by scattering electrons. If the
vacuum around the sample is high enough, EB-induced sur-
face reactions such as direct etching of target materials and
deposition of metals can be also realized by the introduction
rof appropriate gases.™ Those materials and processes are
altractive because the minimum fabrication size can be de-
fined by the size of the probe beam. However, it is difficult to
apply a conventional EB direct writer to those processes by
baking to reduce the base pressure, as the high precision of a
stage mechanism will be degraded after baking. Thus, we
constructed a nanobeam process system with an ultrafine
probe and a gas introducible ulirahigh vacuum (UHV)
sample chamber with a double chamber stage syslc1116 to be
compatible with these high resolution processes.

Il. SYSTEM DESIGN
A. Electron optics

Figure | shows the schematic view of the nanobeam pro-
cess system. A ZrO/W thermal field emitter and a triplet lens
system with a zoom function were aclap(ed.7 High beam volt-
age is preferable in order to reduce a chromatic aberration,
diffraction, and beam broadening in a target by forward scat-
tering. We selected an acceleration voltage of 50 kV, consid-
ering the reliability of the high voltage system. The gun lens
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is an electrostatic lens and the others are electromagnetic
lenses. The total aberrations of the system are mainly defined
by the objective lens when the objective lens operates at a
low magnification. Thus, an objective lens with low aberra-
tion coefficients was designed for fine focusing and retrofit-
ted to a commercial EB lithography system (JEOL JBX-
6000FS) for efficient development. The working distance
and the optical path which were minimized as much as pos-
sible are 16 and 381 mm. respectively. The total magnifica-
tion, and spherical and chromatic aberration coefficients are
0.024, 43.8 mm, and 16.1 mm, respectively. The probe di-
ameter as a function of the beam convergent half-angle was
calculated and is given in Fig. 2, where it was assumed that
the source size and the energy spread of emitted electrons
were 30 nm and 1 eV,? respectively. The minimum calculated
probe diameter is 2.5 nm at the optimum convergent half-
angle of 3.7 mrad and a corresponding probe current is 120
pA when an emitter operates with an angular current density
of 0.5 mA/sr at an extraction voltage of 5 kV.

B. Ultrahigh vacuum sample chamber

A schematic view of the developed double chamber stage
system is shown in Fig. 1. The sample chamber excludes
most parts of the stage mechanism such as mirrors, stage
guides, bearings, and so on. The stage moves while maintain-
ing a gap between the moving plate (hatched part in Fig. 1)
and the stationary plate of 0.3 mm. The inner diameter of the
latter is 230 mm and the minimum overlap length of the gap
is 70 mm. The calculated conductance of the gap is 0.6 £/s,
which corresponds to that of an orifice with a diameter of
0.25 mm and enables differential evacuation. A retractable
gas injection nozzle is attached, which is adjusted a few
tenths of a mm above the sample. in order to produce a high
gas flux with a small gas flow for EB-induced surface reac-
tion. Note that the gap prevents not only the residual gases in
the mechanism chamber from diffusing into the sample
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FiG. |. Schematic view of the nanobeam process system with a double
chamber stage system.

chamber, but also the process gases in the sample chamber
from diffusing into the mechanism chamber in the case of
EB-induced surface reactions. By adapting a double chamber
slage system, we can use reliable stage mechanisms without
being concerned about reduction of the precision by baking
or requiring chemical protection.

C. Total system

The optical column is separated with orifices into several
chambers which are evacuated by independent pumps. The
sample chamber and the two neighboring chambers are
evacuated with chemical proof turbo molecular pumps
through vibration dampers. A sample is exchanged through
the loading chamber without breaking the vacuum of the
sample chamber. Available sample sizes are a 2 in. wafer and
a 10 mm square piece wafer. The maximum ticld size is 80
umX80 um and the minimum scanning increment is 2.5 nm.
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FiG. 2. Probe diameter as a function of the convergent haif-angle.
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TanLe {. Principal specifications.

Accelerstion voltage 50 kV

Cathode ZrO/W TFE
Probe diameter and current 3 nm w100 pA
Minimum scanning increment 2.5 nm
Maximum scanning rute 6 MHz

Field size 80 pm =80 um
Laser resolution Snm

Stitching accuracy 20 nm ()
Overlay uccuracy 20 nim (o
Substrate size 2, 10 mm sq.
Base pressure of sample chamber 35410 " Pa
Allowable gas fow <10 * Pam'hs

The stage position is monitored with a laser measuring sys-
tem with a resolution of 3 nm. A laser feedback. which can-
cels the displacement of a real stage position to the ideal one.
is activated either in real time or at intervals. The software
for exposure is basically same as that of a standard JBX-

6000FS EB lithography system except that the status of the “®

nozzle position is checked and the travel area of the stage is
restricted in order not to crush it. The optical column and
most of control units arc set in a clean room with a lempera-
ture stability of *0.1 °C. The principal specifications are
summarized in Table [

IIl. SYSTEM PERFORMANCE

The probe diameter was measured by a knife edge
method. A Au coated Ni mesh was used as a knife edge and
a p-n junction detector was located underneath. By scan-
ning the probe beam across the edge. the current profile of
the probe beam was measured. The probe diameter was de-
termined by a scanning distance where the detected current
varying from 153% 10 85% of the maximum value. Typical
results are shown in Fig. 3. A stigmatic probe beam with a
diameter of 2.8 nm and the probe current of 127 pA was
obtained for & convergent hall-angle of 3.74 mrad. The meu-

sured probe diameters for three different convergent hall- gy

angles are plotted in Fig. 2, where the data represent the
minimum vaiue of many trials, since the poor edge condition

X =2.8nm

Y =2.8nm

516, 3. Probe diameter mcasured by a knife edge method. The acceleration
voltage and the probe current are 50 kV and 127 pA. respectively.
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that of a conventional EB lithography system. It is not nec-
essary (o follow such a baking procedure to the exchange of
samples. The changes in pressure of the gun chamber and the
mechanism chamber during gas introduction are shown in
Fig. 4. In this experiment, N, gas was introduced into the
sample chamber by varying the pressure of the gas injection
nozzle. When a pressure of the sample chamber became
1% 10" Pa, that of the gun chamber was not varied at all and
the variation of that of the mechanism chamber was 3X107¢
Pa. Thus. it is expected that the emitter and the stage mecha-

#™ nism will operate without trouble in the case of EB-induced

surface reaction processes using reactive gases.

Stitching and overlay accuracy was measured by exposing
a test pattern at 135 locations on a PMMA resist. The test
patiern was a 320 umX320 gm area with scales and verniers
with a resolution step of 10 nm. The deviations at the same
portion of different chips were evaluated by scanning elec-
tron microscopy (SEM) inspection. The results of 120 loca-
tions are shown in Figs. 5(a) and 5(b). The standard devia-
tions of stitching and overlay are 14 and 18 nm, respectively.
Relatively good results were obtained. however they are
somewhat inferior to the values of a standard JBX-6000FS.
As the sample is not in the plane of the laser beam paths in
our EB lithography system (see Fig. 1), a pitch of the stage
changes the sample position even if the measured position
with the laser measuring system is not changed. The degra-
dation of precision may be caused by such a phenomenon.
However, this will not be a serious problem for our purpose.
because the exposure area of the key portion of nanodevices
1s probably smaller than the field size of 80 umX80 um in
most cases. If a pattern is so small that markers for overlay
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Overlay error (nm)
FiG. 3. Stitching and overlay accuracy. (a) Stitching: (b) overlay: (¢) overlay

for a pattern smaller than a field size.

are included in a field, overlay accuracy is improved o 9 nm
as shown in Fig. 5(c).

10Ky
linedose=0.61nC/cm
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3008nm
linedose=2.0 1 C/cm

Fic. 6. SEM images of delineated line patterns. (2) 40 nm pitch lines in
PMMA and (b) 15 nm pitch lines in $i0; as a high resolution resist.
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Fine patterning tests were carried out on a 30-nm-thick
PMMA resist spun on a Si wafer and a 20-nm-thick SiO,.
where the beam voltage was 50 kV and the probe current
was about 100 pA. The PMMA was developed using 1:3
MIBK:IPA at 22 °C for 60 s and coated with Au/Pd for SEM
inspection. The SiO, was exposed in O, plasma and dipped
in a buffered HF solution of which the concentrations of HF
and NH,F are 0.2 mol//, for 100 s.” Figure 6 shows SEM
images of the delineated lines with a pitch of 40 nm in
PMMA [Fig. 6(a)] and with a pitch of 15 nm in SiO, [Fig.
6(b)]. The width of developed lines in PMMA fluctuate and
the residuals between lines were broken as shown in Fig.
6(a). We think that a clearer pattern can be obtained by ad-
justing coating and developing processes, since the resolu-
tion limit of PMMA is somewhat higher'® and smooth and
fine lines were developed in SiO, as shown in Fig. 6(b). The
linewidth of patterns with a 15 nm pitch is estimated about 5
nm by the ratio of a width of the dark contrast line to that of
the bright one, where the exposure was carried out without a
laser feedback in real time.

IV. SUMMARY

We designed a nanobeam process system which is com-
patible with inorganic resist exposure and EB-induced sur-
face reaction processes. The UHV sample chamber coexists
with the precision stage system by using a double chamber
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stage system. The base pressure of the sample chamber was
3.5X1077 Pa and the system is expected (o endure the EB-
induced surface reaction process using reactive gases. An
electron beam with a probe diameter of 2.8 nm and a probe
current of 127 pA is available at 50 kV. The performance was
achieved with only a minor tradeoff in high accuracy of
stitching and overlay. Line patterns with a width of about 5
nm and a pitch of 15 nm were fabricated in SiO, as a high
resolution resist.
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