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Abstract — Focused ion beam (FIB) technologies have been widely used in microfabrication of
semiconductor devices: high resolution ion beam lithography, maskless ion implantation, micro-ma-
chining, and ion heam induced deposition. A liquid gallium ion source for the use of in FIB has
been developed and tested in Korea, showing good stability, high current density, small energy
spread, and low emittance or high brightness. A electrostatic einzel lens is designed and construc-
ted to have a beam diameter of 0.1 um after passing through the lens column under a beam
voltage of 15kV, lens voltage of 7kV and 0.2 mm diameter of beam defining aperture placed
in front of the lens. The FIB chamber has been also designed and constructed with a differential
vacuum system from the lens column. It is expected that the FIB machine will have great contribu-
tion to the applications of ion beam milling, ion beam induced deposition, and failure analysis

in semiconductor industry in Korea in the near future.
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1. Introduction

There has been great interest in the Focused
Ion Beam (FIB) technology during the last decade.
The FIB is an appropriate tool in developing sub-
micrometer structures necessary for high density
integrated circuits in semiconductor industries. The
Liquid Metal Ton Sources (LMIS), moreover, ope-
ned the possibility of FIB application to the actual
manufacturing processes. The study of LMIS was
initiated with an interest in an application to the
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rocket propulsion. It was soon realized, however,
that the source had an excellent focusing property
that could be utilized for a FIB system. The LMIS
have a high current density, a high brightness, a
low energy spread (56~20eV) and a low emittance.
These characteristics greatly reduce various aber-
ration effects in the course of focusing, and make
it possible for the ion beam to be focused in a scale
down to a few tens of nanometers.

Followings are just a few out of diverse potential
application areas of FIB system employing the



LMIS[1].

(1) Scanning lon Microscopy (SIM)

(2) X-ray and Optical Mask Repair

(3) Secondary lon Mass Spectrometry (SIMS)

(4) Ton Beam Lithography

(5) Maskless Implantation Doping of Semicondu-
ctor

(6) Failure Analysis and Micromachining

(7) lon Beam Induced Deposition

These application areas commonly require ion
beams of finely focused. Most of them are modifica-
tion or extension of existing technologies well
known to the semiconductor industry. In the pre-
sent article, we review some of the applications to
the SIM, ion beam induced deposition and the li-
thography, and current research stages in Korea.

2. Application of FIB

Fig. 1 illustates the basic elements of a focused
ion beam system. The ion optical column consist
of a LMIS, two electrostatic focusing einzel lens
(condenser lens and objective lens), beam blanker,
variable aperture, octapole stigmator, scanning def-
lector, and a sample stage. lons emitted from the
LMIS are focused onto the target as a submicron
spot size. For the application to lithography, etching,
milling and mask repairs, Ga ions are commonly
used. For the application to maskless implantation
or doping, ions, such as those of Si, B, and As,
are used. Since the material compounds involving
these atoms have generally high melting points, al-
loyes of them are employed to bring down the mel-
ting point. The optical column for these ions, conse-
quently, requires addition of a mass filter in order
to seperate out the desired ions. The beam can
be raster scanned at video rates to produce scan-
ning ion image or deflected in a programed pattern
under computer control for lithography, mask re-
pair, failure analysis etc. The key element of the
FIB system is the LMIS, which will be described
at section 3.

2.1. Scanning lon Microscopy (SIM)
A scanned focused ion beam can produce an
image of a sample in a manner analogous to a scan-
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Fig. 1. Basic elements of focused ion beam system.

ning electron microscopy (SEM). The ion is raster
scanned over the sample. Low energy secondary
electron are ejected from the sample surface in the
region struck by the ion beam. The secondary elec-
tron yield depends on the surface topography, work
function, chemical composition, and crystal orienta-
tion of the sample. The secondary electron are typi-
cally detected with either a channeltron electron
multiplier or a scintillator to produce an analog si-
gnal whose amplitude js propotional to the secon-
dary electron yield. A example of a scanning ion
image (SIM) is shown in Fig. 2[2].

2.2. Ion Beam Induced Deposition

A local gas ambient in the millitorr range 1s crea-
ted on the surface around the point of ion incide-
nce. The incident ions break up the gas molecules
that are adsorbed on the surface. The gases consist
of organometallic or metal halide. Deposits of W,
Au, Al Cr, and Pt can be made. Often these depo-
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Fig. 2. Scanning ion image and SIM.

sits have high concentration of impurities, and so-
metimes oxygen particulaly carbon if organometal-
lics are used.

2.3. FIB Lithography

The lithography technology using FIB have been
developed by the group of J. Melngailis in MIT
and S. Namba in Osaka University. Recently they
have succeeded in achieving the line width of sub-
micron. The LMIS with a good stability is essential
in FIB lithography. The focused ion beam has a
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submicron beam diameter, however chromatic abe-
rration resulted from ion beam energy spread sets
a lower limit of beam diameter. Recently gas field
ion source (GFIS) has been currently investigated
by several researchers. It is known that the GFIS
have extremely high brightness, small beam emit-
ting angle less than 10°, and very small energy
spread of less than 1eV. The focusing column,
beam control electronics, and substrate stage are
also important factors in achieving high resolution
FIB lithography. The sensitivity of resist versus ion
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Fig. 4. Focused ion beam exposure of PMMA and
electroplating of features used to fabricate x-
ray lithography masks.

beam energy should be improved. Fig. 3 shows the
schematic of gas field ion source. The result of FIB
lithography[ 3] is shown in Fig. 4.

Schematic of FIB induced deposition system is
shown in Fig. 5(a). A FIB column is mounted a
vacuum chamber so that ion beam is focused on
a sample. The system configuration looks like a
scanning electron microscopy or an electron beam
lithography machine. This creates a local gas am-
bient on the range of 1 to 10 mtorr over an area
of the surface which is usually larger than the field
scanned by the ion beam (Fig. 5(b)). The vacuum
chamber is pumped so that the pressure away from
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Fig. 5. Schematic of the FIB induced deposition (a)

and the deposition area shown schematically
close-up (b).

the gas feed is typically in 10 °torr range. Usually
the jon column is pumped differentially[4].

For the repair of integrated circuits the films
need to be conducting. Frequently carbon or tungs-
ten has been used. A typical sequence to connect
two conductors is shown in Fig. 6. Vias are milled
first with the FIB by scanning small rectangles over
the passivation until the metal is exposed, as shown
in the middle. Imaging in the SIM mode can be
used for the end point detection since the secon-
dary electron yield of the metal is usually higher
than that of the passivating oxide. Finally (bottom)
a metal connector is made by focused ion beam
induced deposition. The properties of some of the
films by the ion induced process are summarized
in Table 1.
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3. FIB System Development in Korea
3.1. Liquid Gallium Ion Sources

3.1.1. Current-voltage (I-V) and Angular Distribu-
tion Characteristics
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Fig. 6. Schematic of circuit repair of restructuring.

Table 1. Ion induced deposition characteristics

The current-voltage (I-V) characteristics and
angular distributions of current density of liquid
Ga ion source are investigated under various emit-
ting tip temperatures and surface flow impedances.
Fabrication of LMIS and the emitting electrode is
described in detail in Ref. [5] Gallium is loaded
on the region between central bottom of tungsten
ribbon and needle type tungsten tip. The tempera-
ture of the emitting-tip can be controlled by adjus-
ting the heating current IH and voltage VH. The
angular distribution of emitted ion current density
1s investigated by measuring the current signals
in each segment of collector consisted of six conce-
ntric rings forming a hemisphere(6]. The protru-
ded tip length from central hole of heating tungsten
ribbon to the tip end is maintained at 2 mm. The
central hole of the extractor is 3 mm in diameter
and its angle of inclination is 45° with respect to
vertical axis, respectively. The spacing between the
emitting tip and extractor is maintained to d,=1
mm. For heating currents with Iy=2, 4, and 6 amps
through tungsten ribbon, the corresponding tempe-
ratures of Ga loaded region are measured to be

Gas (Reference) lon energy (at(};esl/cion) Deposit composition Resistivity (uQ2cm)
Styrene” Ga' 20 keV 3.6 C:0(65:30)
WE" Ar' 500 eV and 2keV W:iF:(C(93.3:44:23) 15
W(CO)s Ga' 25keV 2 W:C:Ga: 0 150~225
(75:10:10:5)
W(CO)“ (40°C) Ga/In/Sn 16 keV W:C:0(0:40:10) 100
C-H.F.0.Au Ga~ 40 keV(room T) 3~8 Au:C:Ga(b0:35:15) 500~ 1500
(Bulk Au=2.44)
C:H-F:0.Avw Ga® 40keV at 120°C 3 Au:C:Ga®0:10:10) 3~10
CyH ;P Ga' 35keV 0.2~30 Pt:C:Ga:0 70~700
(45:24:28:3) (Bulk Pt=10.4)
(24:55:19:2)
(CH3):NAIH,/ Ga' 20keV 4~6 Al:Ga:C:N 900 uS2ecm
Si(OCH.),+ 0, Si7 60 keV 1 SiO, (no carbon) 2.5 (MQcm)
(molecule/ion)

‘L. R. Harriott and J. Vasile, J. Vac. Sci. Technol. 36, 1037 (1988); ‘Z. Xu, T. Kosugi, K. Gamo and S. Namba,
J. Vac. Sci. Technol. B7, 1959 (1989); ‘D. K. Stewart, L. A. Stern and J. C. Morgan, SPIE (1989); ¢Y. Madokoro,
T. Ohnishi and T. Ishitani, Riken Conf. Mar. 1989; ‘P. G. Blauner, J. S. Ro, Y. Butt and J. Melngailis, /. Vac.
Sci. Technol. BT, 609 (1989); /P. G. Blauner, Y. Butt, J. S. Ro, C. V. Thompson and J. Melngailis, / Vac. Sci.
Technol. B7, 1816 (1989); *T. Tao, J. Melngailis, Z. Xue and H. D. Kaesz, EIPB 1990 and to be published J.
Vac. Sci. Technol. (1990); "H. Komano, Y. Ogawa and T. Takigawa, Japn. /. Appl. Phys. 28, 2372 (1989); K. Gamo
and S. Namba, Proc. 1989 Intern. Symp. on MicroProcess Conf. p. 293; ‘M. E. Gross, L. R. Harriott and R.

L. Opila, | Appl. Phys. 68, 4820 (1990).
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Fig. 8. Angular distribution of current density under
fixed location of collector cups d>=3 ¢m: The
left and right hand sides of this figure are rep-
resented by ¢, =1 mm with smooth surface and
rough surface, repectively.

30 40 50 60

335K, 391 K and 530K, respectively. Fig. 7 shows
the 1-V characteristics for d>=3 cm, where d, is in-
terdistance between emitting tip end and central
segment of collector cups. Solid and dotted lines
in this figure are corresponded to smooth and
rough tip, respectively. The slope of df/dV is shown
to be about 3 pA/kV for a smooth surface, while
12 uA/kV for a rough surface. The emitting current

& o 309

15 also shown to increase as the heating current
is increased but the slope (d//dV) remains the
same. Fig. 8 shows the angular distribution of the
current densities for the tip with a smooth surface
and for the tip with a rough surface, under fixed
Jocation d.=3 cm of collector cups. For further lo-
cations of dv, the similar angular distributions of
current densities are shown generally. From this
figure we see that the angular distributions of cur-
rent density for both cases of flow impedances are
remarkably similar within the experimental error
for the same amount of emission current under
fixed locations of the collector cups. These results
mean that the surface profiles of ion emitted liquid
metal sources have identical shape for the same
amount of the emission current. This implies that
the amount of the ion emission current is determi-
ned by the surface profiles of the liquid metal film
(71.

3.1.2. Energy Deficit and Energy Spread Charac-
teristics

Energy distribution. energy deficit and its spread
of ions emitted from a liquid gallium jon source
have been investigated by a gridded retarding pote-
ntial analyzer with 0.2 volt resolution in which nic-
kel mesh spacing is 33.8 um under the source tem-
perature of 335K. Fig. 9(a) shows that the energy
distributions of a liquid gallium ion source are Ma-
xwellian for emission currents from 5pA up to 40
pA. Fig. 9(b) shows that the energy spread
(FWHM) is increased with a power of I'* from 4.3
eV up to 45eV as emission current is increased
from 1 pA up to 50 yA. This energy spread results
from space charge interactions among ions. Fig. 9(c)
shows that the peak energy deficit is ranged from
—8eV up to 4eV as the emission current is inc-
reased from 1A up to 50 uA. From this energy
deficit measurement, it's determined that the liquid
gallium ions are singly charged Ga ™ monomer ions
and generated mainly by field evaporation mecha-
nism in this low source temperature. At higher
source temperature of 700 K, the cluster Ga,” (n=
2, 3) ion beam is believed to be generated by field
ionization mechanism from the energy deficit mea-
surements. At this case the energy deficit is ranged
from —13eV up to 70eV as emission current is

Journal of the Korean Vacuum Society Vol. 2, No. 3, 1993
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increased from 5pA up to 50 pA.
3.1.3. Figure of Merit for FIB
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The optimum range of total ion current for a
liquid gallium ion source for use as a focused ion
beam (FIB) is determined from a figure calculated
from the angular intensity dI/dQ and the energy
spread AE of the emitted ions. In general, when
the ion source in a FIB instrument is operated to
give a probe current less than several nA, the dia-
meter of the FIB is largely determined by the chro-
matic aberration resulted from the energy spread.
The current density of this chromatic aberration
disk is given by J=(E¥C? (AI/AQ)/(AEY, where
E and C. are the energy of the ion beam and the
coefficient of chromatic aberration, respectively.
The figure of merit (FM) is defined as FM=(Al
JAQ/(AE). The optimal emission current for FIB
is obtained by maximizing the FM because at which
the smallest chromatic aberration disk is achieved.
Fig. 10 shows the plot of FM versus emission cur-
rent, in which FM has the maximum value of 0.48
pA/sr/(eV)? at the optimal emission current of 5 pA.
With this optimal emission current, the focused ion
beam passed through einzel lens is expected to
have a beam diameter of 0.1 um under beam vol-
tage 15kV and 0.2 mm diameter of beam defining
aperture placed in front of lens.

3.1.4. Emittance Measurements

The root mean square (rms) emittance for an
axisymmetric and nonrotating liquid gallium ion
beam with a Maxwellian transverse distribution is
investigated by using a slit-hole type emittance me-
ter and a radiachromic detector film. The emittance
meter is consisted of 5 slits whose spacing is main-
tained at 130 um. The axial interdistance between
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Fig. 11

the spatial plane (slit plane) and angular plane (de-
tector film) is kept at 8 mm. In this experiment,
the vacuum is maintained at 1.0<X10 “torr and the
emission current is kept at 10 pA. The rms emitta-
nce[8] is defined by g, =4(<r"> <x""> — <>V,
where x and x'=dx/dz denote slit position and gra-
dient of particle trajectory, respectively. The brac-
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Fig. 12. Design of electrostatic einzel lens.

kets (< >) denote values averaged over the phase
space. Fig. 11(a) shows the total intensity profiles
versus the slit positions. From this figure, we can
see that the intensity distributions and the rms wi-
dths for given slit positions reveal Gaussian profi-
les. Also the peak intensity profiles versus the slit
positions are shown to be Gaussian. Fig. 11(b)
shows the emittance diagram for 409% line of peak
intensity. From this figure, the liquid gallium ion
beam is shown to be linearly focused as a whole
before it enters the einzel lenses. The plot of emit-
tance versus beam energy is drawn in Fig. 11(c).
The emittance is decreased from 0.30 mm-rad to

Journal of the Korean Vacuum Society Vol. 2, No. 3, 1993
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0.12 mm-rad as the beam energy is increased from
7 keV up to 15keV. The mean transverse beam te-

mperature is measured to be approximately T, =
eV.

3.2. Electrostatic l.ens and FIB Chamber

The electrostatic einzel lens system is designed
and developed to focus a liquid gallium ion beam.
Fig. 12 shows the design of electrostatic einzel len-
ses to focus a liquis gallium ion beam. The single
lens has 107 mm in length and the stainless steel
1s used as electrodes. The lens system are consis-
ted of a Faraday cup, a condenser lens, a blanker,
a octopole stigmator, object lens, and a deflector.
The focused ion beam passed through the single
einzel lens is expected to have a beam diameter
of 0.1 um under beam voltage 15kV, lens voltage
7kV, and 0.2 mm diameter of beam defining aper-
ture placed in front of lens. Fig. 13 shows the sche-
matic of the FIB system. The FIB chambers are
consisted of 3 parts; source chamber, lens chamber
and specimen chamber, respectively. The whole le-
ngth of this chamber is 720 mm. The outer diame-
ter of source chamber and the lens chamber is 160
mm and 5mm in thickness. The ion pump has
been used to evacuate the source chamber down
to 1.0X 10 *torr through differential pumping me-
thod. The source chamber is made of stainless steel
and 213 mm in length. The variable aperture is lo-
cated in the lens chamber. The lens chamber is
made of stainless steel and 207 mm in length. The
lens high voltage is applied through high voltage
input placed at the lens chamber. The specimen
chamber is made of stainless steel. It has 330 mm
in length and 470 mm in diameter, respectively.
The motorized slides with x-y translation and tilting
has been set in this chamber. Specimen chamber
is evacuated down to 1.0X10 °torr with roughing
and turbomolecular pumps. The lens chamber and
specimen chamber are designed to be evacuated
by differential pumping and isolated by a column
isolation valve when ion beam is not emitted from
the source.

4. Conclusion

The liquid gallium ion source with good stability

gl getE =), A2 A 35, 1993

Ry

Fig. 13. Schematic FIB system.

has been developed for use in FIB. The I-V charac-
teristics and angular distributions of the current
density of liquid gallium ion source has been perfo-
rmed under various emitting temperatures and su-
rface flow impedances. For the same amount of the
emitting current under various tip surface condi-
tions and applied tip voltages, the surface profiles
of the ion emitted liquid metal film are taken to
be identical shape. The energy distribution, energy
deficit and its spread of ions emitted from a liquid
gallium ion source have been investigated by a gri-
dded retarding potential analyzer with 0.2 volt reso-
lution in which nickel mesh spacing is 33.8 ym un-
der the source temperature of 335K. The energy
spread (FWHM) is increased with a power of I
from 4.3eV up to 45eV as the emission current
is increased from 1uA up to 50 pA. This energy
spread is resulted from space charge interactions
among ions. Energy deficit is shown to be ranged
from —8¢eV up to 4eV as the emission current
is increased from 1 A up to 50 yA. From this ene-
rgy deficit measurement, the liquid gallium ions
are singly charged Ga' monomer ions and genera-
ted mainly by field evaporation mechanism. The
optimal emission current for FIB is obtained by
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maximizing the figure of merit (FM). FM has the
maximum value of 0.48 uA/sr/(eV)* at the optimal
emission current of 5 pA. With this optimal emis-
sion current, the focused ion beam passed through
einzel lens is expected to have a beam diameter
of 0.1 ym under beam voltage 15kV and 0.2 mm
diameter of beam defining aperture placed in front
of lens. The root mean square (rms) emittance for
an axisymmetric and nonrotating liquid gallium ion
heam with a intensity. The liquid gallium ion beam
is shown to be linearly focused as a whole before
it enters the einzel lenses. The emittance is dec-
reased from 0.30 mm-rad to 0.12 mm-rad as beam
energy 1s increased from 7 keV up to 15keV. The
mean transverse beam temperature is measured to
be approximately T'. =4 eV. The electrostatic einzel
lens system is designed and developed to focus a
liquid gallium ion beam. The structures of lens sys-
tem are consisted of Faraday cup, condenser lens,
blanker, octapole stigmator, object lens, and deflec-
tor. The FIB chambers are consisted of 3 parts;
source chamber; lens chamber and specimen cham-
ber, respectively. The ion pump has been used to
evacuate the source chamber down to 1.0X10 * torr
through differential pumping method. The motori-
zed slides with x-y translation and tilting has been
set in the specimen chamber. The specimen cham-
ber is evacuated down to 1.0X10 ®torr with rou-
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¢ghing and turbomolecular pumps. The lens chamber
and specimen chamber are designed to be evacua-
ted by differential pumping and isolated by a co-
lumn isolation valve when the ion beam is not emi-
tted from the source.
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