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Abstract Introduction

Applications of focused ion and In 1973, Seliger and Fleming inves-
cluster beams emitted by liquid metal ion tigated for the first time the potential
sources are particularly attractive in applications of focused ion beams in
microelectronic engineering. We overview microelectronics; they mentioned doping,
this area of research and development ad- damage in crystal structures, molecular
ding recent results concerning repair, bond breaking. They said " The objecti-
tuning and characterization obtained ei- ve is to demonstrate unique microfabrica-
ther by focusing ions or droplets on a tion techniques such as maskless implan-
microcircuit controlled by in-situ SEM tation doping and the formation of self-

observation of the process. aligned structures"”.
In 1987, focused ion beam systems

have an increasing number of applications
in microlithography, micromachining, high
resolution secondary ion mass
spectrometry, localized implantation or
more recently localized metal deposition.
These systems usually provide 0.1-0.2um
ion probes of a number of species (Ga,
Siy Be, B, As, S8Sn ...) with a current
density of 1A/cm?.

If one considers a given area of a

solid (a part of a wafer for example) to
be physically or chemically modified by
ion beam irradiation, the time necessary

to treat a unit surface depends only on
total dose governed by total current.

When focusing a particle beam into a
probe, the optical aberration effects
make it mnecessary to reduce the beam
aperture to values of the order of a
milliradian.

The result is a dramatic decrease
in the probe current and a subsequent in-
crease of the treatment time per unit

area.

The limited brightness of classical

ion sources (duoplasmatrons, etcs o) 1li-

Key Words: Liquid metal ion source, Scan- mits the value of the current at typical

ning ion microscopy, microlithography, values of 0.6pA for a 300 nm diameter

localized implantation, focused droplet probe leading to prohibitive times for
beams, focused ion beams. microfabrication.

During the 70’s, the advent of 1li-

*Address for correspondence: quid metal ion sources boosted the attai-

G. Ben Assayag, Laboratoire L2M-CNRS nable current values for a given probe

196 Avenue H. Ravera size by several orders of magnitude, ma-

92220-Bagneux-France king the original ideas of Seliger and
Phone No:(1) 45-29-55-03 Fleming feasible.
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Ion - Solid Interaction
Generalities

The impact of primary ions 1 on a
surface 1T induces various secondary
effects. Each one has potential applica-
tions in physics, microelectronics,
microanalysis, solid modification, etc..

The effect of ion irradiation and
its corresponding application are summa-
rized in the following Table 1.

Most of the techniques have thus far

been developed for microelectronics
engineering, using large, or poorly focu-
sed beams. The advent of submicronic ion
probes further widened this impressive
domain of applications, providing the
unique possibility of very localized mo-

dification of a solid.
The two main processes involved in

present focused ion beam applications are
ion sputtering and implantation. We over-
view the principal characteristics of
both phenomena.
Sputtering

A surface irradiated by energetic
particles 1is eroded by the removal of
surface atoms. Sigmund (1981) showed that
the sputtering yield of metals, which is

incident
energy

removed atoms per
ion, depends on primary particle
and mass, mass of the target atoms, inci-
dence angle, residual gas pressure, crys-
tal orientation. Below a threshold energy
which 1is about 20 to 40 eV for normal
incidence, no sputtering occurs. Above
this threshold, the yield increases with
incident energy and reaches a broad maxi-
mum in the energy region of 5 to 50 keV.
At oblique angle of ion bombardment the
sputtering yield increases monotonically
with increasing angle up to 70 to 80
Higher mass particles gives mostly larger
sputtering yields than lighter ions. For
example, from Andersen and Bay (1981), a
maximum sputtering yield of 2 atoms per
Ar incident ion is measured at 20keV for
a silicon target. At 100 kV this value
decreases and is lower than 1. With a 19
keV Ga FIB, we have measured on a silicon
target a sputtering yield of 3.3 atoms
per ion. This yield can be improved by
gas assisted etching using a reactive gas
such as chlorine. Ochiai et al. (1984)
mentioned a yield increase of a factor of
8. The domain of some tens of keV for
heavy species is well adapted to the fo-
cusing of submicron probes for machining
applications.
Implantation

Ton implantation is conceptually one
of the simplest methods for modifying
particular properties of a semiconductor
in selected regions. The problem is to
decide which electrical, physical, opti-
cal or mechanical properties are required
and to choose the chemical composition to
achieve these results. Maskless focused
ion beam implantation (FIBI) offers the

the number of

Assayag and P.
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possibility of simplifying local modifi-
cation of electronic properties in a
solid. So, FIBI can be considered as a
submicron tool fior localized gap
modification. The penetration depth is a
function of the atomic mass of both inci-
dent ion and target and increases with
the energy of the primary beam. Table 2

shows calculated values of the
range Rp in GaAs.
To reach a reasonable penetration

in semiconductors for p and n do-
pants (of the order of 0.1lpm) a minimum
energy of some hundreds of keV is
necessary, except for the lighter ele-
ments such as B or Be.

The creation of

irradiation damages

projected

depth

crystal defects and
disturbs the elec-
trical properties of devices. A subse-
quent thermal annealing is usually neces-
sary to restore crystal structure. Avai-
lable theories ( Townsend et al (1976))
of 1irradiation damage are not completely
satisfactory for FIBI. Energy deposited
by submicron ion probes induces a local
elevation of temperature which may affect
the extent of lateral diffusion.
Finally, two energy ranges emerge
relevant from the characteristics
sputtering and implantation processes

as

of

E = 10 keV range for maximum machi-
ning efficiency.

E = 100 keV range for reasonable pe-
netration depth in ion implantation.

Focused Ton Beam Machines

Principle of liquid metal ion sources

As mentioned above, the development
of practical focused ion beam
has been made possible by the advent of
liquid metal ion sources (LMIS). The 1i-
quid metal emitter was originally
studied, in the seventies, by several au-
thors including Krohn (1961), Krohn and
Ringo (1975), Mahoney et al (1969), Clam-
pitt et al (1975). The early develop-
ments of these electrohydrodynamic emit-
ters were directed at electric space pro-
pulsion purposes.

In an operating LMIS a liquid metal
flows onto a tungsten needle to a
sharp apex. When a critical positive vol-
tage is applied between the ion source
and an extractor, an ion current from 1
to 100 pA is available. The emission ap-
pears at the apex of a liquid conical
structure described by Taylor (1964) and
more recently by the group of Cutler et
al (1986) and by Swanson and Kingham
(1986). In-situ high voltage TEM pictures
of an operationg LMIS shows that the ex-
treme apex of the liquid exhibits a dis-
torted cone shape, with concave walls
(cusp). A fine jet-like protusion termi-
nates the structure (Ben Assayag et al.
1985, Gaubi et al. 1982) and its size is
about 1.5 nm radius at 10pA  emission
current. The virtual source size is much

machines

up
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Table 1 The effects of ion irradiation and its applications.
SECONDARY EMISSION APPLICATION
scattered ions 1 Rutherford backscattering
secondary ions I-11I SIMS, SNMS
Secondary neutrals I-1T Machining, post-ionization SIMS
photons IIXE
secondary electrons SIM
SURFACE EFFECTS
dislocations electrical isolation
chemical sputtering repair, machining
physical sputtering repair, machining
secondary ions scanning ion microscopy, SIMS
assisted chemical deposition device repair
cluster deposition metal deposition
BULK PHENOMENA
volume dislocations electrical isolation
molecular bond breaking lithography
amorphisation isolation
implantation p,n doping or isolation
channeling ion litho. masks technology
Table 2 Rp standard projected sure and substrate-corrosive elements.
range for different dopant species Low vapor pressure alloys overcome these
in GaAs (Wilson and Brewer 1979). problems, (Bozack et al. 1985) . A large
series of alloys have been developed for
Rp Bet B* Ga* : St impurity-doping of semiconductors. Table
nm 3 summarizes the ion species and corres-
- - - ponding liquid metals
10kV 28 28 8 11 Table 3 The different ion species and
the corresponding alloyed 1liquid metal
100kV 500 500 32 80 ion source.
ION SPECIES LIQUID METAL
larger and is estimated to be 30 to 50 nm Ag Ag
(Komuro et al 1983). The corresponding Al Al
brightness is about 105A/cm? which is at As Pd-Ni-B-As, As-Sn-Pd,
least 100 times higher than that of other As-Pt
sources. At low emission currents (a few Au Au
pA), the emission process generally cons- B Pt-B, Pd-Ni-B, Pt-Ni-B
idered is field evaporation of the metal Be Au-Be, Au-Si-Be,
(Gomer 1979). One can expect a very nar- Ga-Si-Be,
row energy spread of the ions (less than Pd-Ni-Si-Be-B
leV foxr field ionization on solid Bi Bi
surfaces); unfortunately the measured va- Cu Cu
lues are about 5 to 10 eV (Ohana R. 1980, Cs Cs
Gesley and Swanson 1984) near onset, and Ga Ga
increase with current. The subsequent Ge B-Pt-Au-Ge
chromatic aberrations suggests that one In In
should work at low current for high Ni Pd-Ni-B
resolution, as shown by Fox et al (1981), P Cu-P
Mair and Mulvey (1985). The emission sta- Pb Sb-Pb-Au
bility is also very sensitive to the va- Pd Pd-Ni-B
cuum quality, and the liquid perturba- 25 7 Pt-B
tions due to backscattered secondary Sb Sb-Pb-Au
atoms, ions or electrons which induce Si Si, Au-Si, Ga-Si-Be
cracking processes and carbonaceous depo- Sn Sn, As-Sn-Pd
sition on the emitter (Sudraud et al U U
1986). A high vacuum ( 10-8 to 10-7 torr) Zn Zn, Zn-Ga
is necessary for proper gun operation.
LMIS become more and more reliable. In addition to providing singly and
The tip-filament-crucible design initial- doubly charged particles, liquid metal

ly created in Orsay (Sudraud 1979) has
been universally adopted and improved. We
currently observe 1life times of several
months for Ga or In LMIS.

The basic concept of LMIS excludes
the direct ionization of high vapor pres-
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ion sources emit charged clusters and
droplets at high current emission condi-
tions ( I=30 to 300 pA ). Then, the abi-
lity to sputter using the ion mode and
deposit metal in the droplet mode in the
same apparatus might be an extremely in-




teresting extension of the applications
for sytems using LMI sources.
A typical focused ion beam machine

The wultimate aim of an FIB design
is to obtain the finest probe for the
highest current in order to minimize the
working time.

A focused ion beam system is both a
masker and an ion implanter. We will dis-

tingish the optical column (implanter
part) from the more classical object
chamber (masker part) The degree of so-

phistication of each one can vary widely
for different applications.

The focused ion beam systems commer-
cially available have a large range of
energy and complexity corresponding to
three main domains sputtering for re-
pairing or modifying devices, microanaly-
sis (SIMS) (10 keV energy range), litho-
graphy or implantation (100 keV energy
range) .

Presently, all existing LMIS systems
designed for lithography and implantation
use a series of lenses in order to form a
critically focused image of the source on

the target plane. The spatial current
distribution of the probe is roughly
gaussian as a consequence of the LMIS

emission characteristics.
-The optical column Figure 1
sents a typical FIB column (JEOL).

repre-

Principle of a focused ion
(after JEOL).

Figure 1 -
beam machine

The ion beam is extracted from an LMIS,
focused by condenser and objective elec-
trostatic lenses. A deflector scans the
beam on the target. An ExB filter selects
ion species when an alloyed metal LMIS is
used. Apertures define 1lens acceptance
angles and filter spatial selection.

This concept of column typically al-
lows focusing of a 50 to 200 nm spot car-
rying a current density of about 1 A/cm2

G. Ben Assayag and P.
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with pure metal sources. Filtering, in
the case of alloyed metals, reduces probe
current density depending on the abundan-
ce of the doping element in the mass
spectrum. For example, compared with Ga,
a B probe current density falls by more
than one order of magnitude. An effort in
the metallurgy of alloys LMIS should be
carried out to overcome this problem
(Bozack et al. 1985). A number of re-
search efforts are in progress to impro-
ve resolution, current density and energy
(Shiokawa et al. (1985)) of FIB columns.
Electrostatic lenses were employed at the
early beginning of electron microscopy in

the forties, before being supplanted by
magnetic lenses. FIB systems, with the
necessity of having charge/mass indepen-

dent focusing properties, renewed the in-
terest for electrostatic lens calculation

programs to optimize their properties
(Munro 1973). Due to the LMIS high energy
dispersion, the chrematic aberration

coefficient is the principal enemy of FIB
lenses (Mair and Mulvey 1984). Mass fil-
ter aberrations reduction is obtained in
the JEOL system by forming a cross-over
at the center of the filter. Cleaver et
al. (1983) designed a magnetic omega-
shaped filter of very low aberration. One
advantage of +the ExB filter is to allow
fast mass switch by adjusting only an
electric field.

The positioning of double deflection
systems before the last objective lens
reduces working distance and correspon-
ding chromatic aberration. Multipolar
electrodes have been designed to enlarge
the scanned field without distorsion Mo-
riya et al (1983).

-The experiment chamber The experi-
ment chamber which uses either classical
or UH vacuum technology for ITI-V
compounds, can include accurate laser in-
terferometry tables and sophisticated
softwares very similar to those of mas-
kers or nanomaskers for nanostructures
drawings.

Slingerland (1984)
Sudraud (1985) have proposed a Koehler
illumination system by analogy with
Kéehler illumination e-beam lithography.
These have the advantage of wuniform cur-
rent density delivered onto the target
and of overcoming the problem of stochas-
tic 0.3 mrad angular dispersion of LMIS
ion trajectories due to coulombian inter-
actions as explained by Ward (1985).

and Orloff and

The Applications of Focused Ion Beam

Localized implantation

The use of FIB simplifies the fabri-
cation process by avoiding most
masking/lithography steps, and allowing a
quick switch of dopant species. Doping
profiles can easily be controlled and
changed in X, Y and Z directions by
software. Unfortunately, the theoretical




Ion and Cluster

is limited by lateral
dopant , due both to
collisional cascades during ion
irradiation, and to impurity diffusion
during the annealing process.

Broad ion beam implantation mecha-
nisms have been modeled with reasonable
agreement with experimental observations.
Nevertheless considerable doubts remain
about the focused 1ion beam cases where
the current density is much higher than
in classical implantation. One can expect
a substantial increase of local tempera-
ture and subsequent modification of crys-
tal defects concentration, diffusion and
lateral spread of impurities. Some au-
thors have also reported evidence of
self-annealing processes which can resto-
re the crystal.

Despite an ion spot having a diameter
of 0.1pum, Miyauchi et al., (1983) measured
for high implantation dose ( 5x10!% cm-2)
up to 1luym or more lateral spread of
160kV-implanted Si or Be into GaAs.
However, they conclude that doping of
submicron width can be realized with low
doses or shallow implantation.

The interesting approach of Reuss et
al. (1985) is to compare the results of
the fabrication of the same device with
conventional and FIB ( 75kV, 30 mA/cm? )
B implants. Electrical measurements on
two vertical npn bipolar transistors fa-
bricated on the same wafer with conven-
tional and focused ion implantation are
comparable. They demonstrate fabrication

resolution of FIBI
straggling of the

of transistors with lateral doping profi-
les to reduce crowding and base
resistance.

The formation of isolation regions

has also been demonstrated using boron or
gallium implantation. Nakamura et al.
(1987) formed highly resistive region by
Ga focused ion beam single line
implantation. This submicron (0.4pm) iso-
lation region can be formed in n-GaAs
layers with the conductive layer carrier
concentration up to 1x1018 cm-3. The high
resistivity 2x10% @ cm was stable up to
900 °C annealing temperature. Such a high
resistivity was not observed in p-GaAs
regions. Similar results were obtained
using a Ga unfocused ion beam.

Submicron isolation in GaAs was also
performed by using boron ions from a com-
plex alloyed LMIS Pd-Ni-Si-Be-B. H. Ari-
moto et al. (1985) report a resistivity
of 104 to 105 Q cm with less than 0.5um
line width after 100kV boron implantation
in n-GaAs 2x1017/cm3. 800 °C annealing
did not modify the insulating properties.

For a variety of high-speed electro-
nic and optoelectronic devices and their
integrated circuits the crystal growth by
molecular beam epitaxy (MBE) of heteros-
tructures in III-V compounds is suitable.
These devices have complicated structures
and numerous fabrication steps including
an alternation of crystal growth and ion

Beams
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implantation. But growing
epitaxial layers on air exposed surface
is difficult. In classical implantation,
the wafer is encapsulated to avoid surfa-

high quality

ce oxidation and impurities adsorption
during the tranfer. Miyauchi and Has-
himoto (1986) have built an FIB

implanter-MBE crystal growth system with
a constant minimum vacuum of 5x10-9 Torr.
Crystal growth and ion implantation of Be
and Si have been done alternatively to
superimpose p (80kV Be) and n (160kV Si)
submicron doped 1lines in multilayer
structures. Multilayered crystals with
three dimensional arbitrary pattern-doped
regions of submicron size were grown
using computer software without any air
exposure (Hashimoto et al. 1986). The
carrier profile 1in air exposed and non-
exposed regrowth interface was measured
which demonstrates no carrier depletion
in the non-exposed crystal.

Ishida et al. (1986)
ried optical guide (BOG)
principle is based on the fact that the
compositional disordering of Si doped
multiquantum well is suppressed by Be ion
implantation and subsequent annealing.
Their process is completely planar and
very simple. Despite a high wvalue of
threshold current, the tranverse mode
MQW-BOG fabricated is a first step for
designing optoelectronic integrated
microdevices. Compositional disordering
of a Ga FIB implanted GaAs/GaAlAs super-
lattice during post-implantation annea-
ling has been shown by Hirayama et al.
(1985). Low temperature cathodo-
luminescence topography shows that a sub-
micron periodic structure of the super-
lattice and the mixed crystal was
fabricated.

These developments illustrate the
power of coupled FIBI-MBE systems for re-
search in integrated optoelectronics
fabrication. A serious effort for a bet-
ter physical understanding of FIB/solid
interaction 1is necessary to minimize la-
teral straggling and to establish the ab-
solute lateral resolution limit for FIBI.
Microlithography

Ion beam lithography is a new poten-
tial means for producing electronic devi-
ces with submicron dimensions. In recent

fabricated bu-
in GaAs. The

years, much work concerned masked ion
beam lithography (Pang et al. 1987) with
broad beams irradiation.

Electron beam lithography is more

developed because technological means for
obtaining a fine focused electron spot
are well-known. But it involves several
problems such as low resist sensitivity,
proximity effects and backscattering from
the surface.

Ion beam lithography overcomes most
of these problems. First, resist exposure
sensitivity is one or two orders of ma-
gnitude higher for ions than electrons
(Karapiperis et al. 1985). There is ne-
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gligible 1ion scattering in the resist

(Karapiperis et al. 1981). Backscattered
electrons from the substrate have low
energy. Therefore, except ion straggling,

the structures are practically defined by
the primary ion beam.

Most of the reports on ion beam 1li-
thography have involved broad beams where
light ions H*, He* or B* are used. At
100kV the penetration depth of these
ions reaches lpum. For FIB systems using
intense and reliable 1liquid metal ion
sources such as Ga, Au, Sn the penetra-
tion depth is very small. For Ga and
100kV acceleration voltage O.1um is
typical.

Precise characteristics of resists
were studied by Matsui et al. (1986) .
These authors conclude that backscatte-
ring and proximity effects are negligible

for 100kV Ga* beam. At 1.5x10-7 C/cm? a
line pattern with 0.06 pm linewidth was
observed.

Adesida et al. (1985) discussed the
factors affecting the resolution of ion
beam lithography. These considerations
led to an estimated minimum linewidth of
about 10nm in polymethyl methacrylate
(PMMA) using light ions. For gallium this
limit is 30 nm.

In a recent study of Morimoto et al.
(1987), a field-effect transistor with
mushroom gate was fabricated. A mixed ex-
posure of a fine 200keV Be** and a larger

100kV Be* focused ion beams was used to
get a T-shaped groove in the exposed
resist. The average resistance of the
0.25 pum long mushroom gate was 18.5 @

quite better than the conventional
resistance of 80.9 Q.

Different lithographic techniques
have been investigated by Morimoto et al
(1986): direct-write milling applied to
lithography of a bilevel structure, re-
sist exposure using dry development and
resist patterning with wet development.

The results demonstrated the practi-
cal feasibility of FIB lithography in the
100 nm range. Future developments in 10
nm range and less can seriously be cons-
idered for the near future. Exposure ti-

gate

mes lower than EBL and reduction of
proximity effects are important advanta-
ges of IBL. Progress in FIB columns re-
liability could advance the advent of

commercial IB maskers.
Micromachining

A lower beam energy (10 kV range) is
usually sufficient as previously noticed
to optimize the sputtering yield and
avoiding creation of deep defects. The
application of FIB machining involves
VLSI and X-ray mask repair, creation of
optical structures in integrated optoe-
lectronic devices, making and breaking
connections on conductors. Heavy ions
such as gold are suitable to maximize the
sputtering yield.

Heard et al.

(1985) reported a com-

Assayag
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plete process of mask repair. The opaque
defect can be located by scanning ion mi-

croscopy (SIM), using topography and ato-
mic number contrast of the secondary
electron signal as in SEM. This image,

which must be acquired in a time as short
as possible to minimize the ion exposure
of the mask, is memorized. The precise
coordinates of the defect are calculated.
The unwanted material is then removed by
scanning the ion beam.
A recent paper by
(1987) demonstrates
mirror facets in active InP laser
devices. In this experiment a 20kV Ga
beam is focused in a 0.2pm spot. The pro-
be current is 160pA. The characteristics
of the laser before and after machining
are reported. The data indicate an in-
crease of lasing threshold of about 5%, a
decrease in quantum efficiency of 8 % and
little change in light output. The suc-
cess of the FIB micromachining techique
was attributed to shallow beam penetra-
tion (about 30nm) due to the low beam
energy (20 keV) which avoided most crys-
tal damage in the active region. The mil-
ling time necessary for typical faceting
is 20 min which limits the development of
this technique for mass production.
Demonstration of an operating laser
diode with an FIB machined output mirror
has been given by Puretz et al (1986).
This laser was a Standard V-channel-
substrate inner-stripe device. The micro-
machining was accomplished with a 20kV
Ga* ion beam of 3x10-19 A current. The
spot diameter was 0.25 um. The machining
was made by raster scanning the beam in a
rectangular pattern along the edge of the
laser. Redeposition of sputtered atoms
was minimized by starting the beam scan
from the cleaved facet into the material.
The light output characteristics of the
original cleaved facet laser have been
maintained by the machining process.
Creation of submicron dimension con-
nections between crossing Al conductors
separated by oxide (Si0O2) has been repor-
ted by Musil et al. (1986). This techni-
que is based on the redeposition of the
sputtered Al of a lower metal layer on
the sidewalls between the two Al layer to
form a connection. The resistance of the-

Harriott et al.
the fabrication of

se connections is 3 Q. With simple
milling, cuts in 0.65um thick 10um wide
conductors produced open-circuit resis-
tances > 20 MQ.

In a following paragraph, we will
present our contribution to this domain

of application to microcircuits surgery.
Microanalysis
We will discuss briefly this domain

which is not specific of microelectronics
but which can become one of the best
tools for precise chemical analysis of
complicated semi-conductor structures.
High performance secondary ion mass spec-
trometers have been used in an increasing
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number of domains from metallurgy to
biology. To reach submicron analysis af-
ter energy and mass selection is impos-
sible with conventional ion sources be-
cause of their poor brightness and the
subsequent low number of secondary ions
collected. The LMIS equipped FIB column
built by Levi-Setti’s group in Chicago
has boosted the resolution of SIMS
microanalysis. The authors recently re-
ported 20nm estimated resolution (Levi-
Setti et al. 1985). The probe current
available (1.6) pA with Ga* LMIS at this
level of resolution approaches the theo-
rical resolution 1limits of the SIMS
method. This is the beginning of a gene-
ration of high resolution SIM and SIMS if
one considers that the sensitivities are
of the same order as those of the best
classical instruments with a substantial
gain in resolution. This opens new per-
spectives in submicronic electronic devi-
ces characterization.

New Results

We include several new
to microelectronics of the
(20kV) focused ion beam column
have coupled with a
microscope.

Electron and
sample

applications
low energy
which we
scanning electron

ion beams cross on the
and can be scanned by same or se-
parate signals. The advantage of this
system is a precise and easy localization
of the area to be machined and real time
SEM control of the micromachining process
without destroying the sample. We have
also the ability to measure the evolution
of the electrical properties of the devi-
ces during operation. The ion column has

been wused in the ion mode and droplet
mode . Figure 2 shows the complete
apparatus. A high vacuum of 1x10-7 Torr
is maintained in the specimen chamber
while 200 1/s ion pump maintains 1x10-8
Torr in the ion column.

Devices characterization
During the numerous
in microcircuit

steps involved
fabrication, some defects
can appear because of failures in 1lift-
of f, metal deposition, lithographic
process, etching. Characterization of
devices (FIB microtomy) can be useful to
localize and determine the origin of tho-
se defects without destroying the comple-
te wafer.

The SEM micrograph of Fig 3a shows
interdigitated metal-semiconductor field
effect transistors (MESFET) where a
trench has been machined with a 15kV Ga
beam. Micrographs 3b and 3c are enlarged
views of the active region of a
transistor. The gate centered between
source and drain appears under a transpa-
rent polyimide layer. On each side, the
gold platinum deposit has spread slightly
down the gate recess. In micrograph 3d,
an unexpected dark polyimide layer is no-
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ticed between the two clear gold
(surface) and AuGeNi layers. The strong
chemical contrast makes the location of
different layers very easy.

In the following device, a failure
consists of a poor electrical contact

Figure 2 - Coupled FIB-SEM system.
1 - Target. FIB column 2 - ion beam.
3 - acceptance aperture, lens, stigmator,

deflecting plates. 4 - ion gun. 5 -
alignment. 6 - E-beam. I-beam crossing
adjustment. 5 - E-beam. 8 - SEM.

its connections
tantalum oxyni-

between a resistor and
due to thin (1 to 3 nm)

tride covering the tantalum nitride
resistor. As a primary step in the re-
pair process, a b5um wide and about 2um
deep rectangular well has been machined
to characterize metal layers and measure
their respective erosion times. Figure 4a
is a SEM micrograph of the well walls,
displaying stacked layers, the corres-
ponding chemical contrast between the up-
per 400 nm gold layer (clear), 50 nm ti-

tanium (dark) 1 to 3 nm tantalum oxyni-
tride (not resolved), 40 nm tantalum ni-
tride (clear) and lower GaAs substrate
(dark) layer is excellent. Then, several

rectangular wells were dug, the material

erosion being stopped at the tantalum
level, after oxide removal (micrograph
4b). The last step for repair consists of

bilevel contact restoration with a final
localized metal deposition in the wells,
either by lithography, or by focused dro-
plet beam (FDB). This last part of the
process is underway.
Microcircuit tuning

Using 19.5kV energy,
Iprobe = 50pA) Ga ions, we demonstrated
the feasibility to tune passive
microdevices. Figure b5a shows the con-
tacts connected for in-situ real time
electrical measurements. The resistor is
a doped GaAs 10 pm-long and 10 pum-wide

(0.3um spot,




£20,0088  1Mn

Figure 3 - a) Interdigitated field-effect
transistors (MESFET) and a cut dug in the
active region.

- b) and ¢c) Magnified views of FET gate.
- d) The polyimide layer is intercalated
between the Au(surface) and AuGeNi layers
(clear).

Rectangular well displaying
From top to bot-

(dark), tanta-
resolved) and GaAs

Figure 4 - a)
the circuit tomography.
tom Au (bright), titanium
lum oxinitride (not
substrate (dark).

- b) Aspect of the resistor contacts af-
ter the first step of the repair. Smooth
tantalum nitride surface has been cleared
off.
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stripe located in proton/boron implanted
semi-insulating GaAs. The calculated re-
sistance value is 50 Q. In fact, the ac-

tual value is about 32 Q@. A square well
was dug in the resistor to produce a de-
sired increase of resistance. Figure b5b
shows the modified resistor. Resistance R

stays stable at 50 @ within less than 0.1

Q and exhibits a linear I(V)
characteristic.
The corresponding 1/R curve 5c¢ ver-

sus time 1is a straight line which sug-
gests a constant sputtering yield if we

exclude the very beginning and end of
erosion. This can be due respectively to
surface impurities or oxides with lower
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Figure 5 - a) aspect of the implanted re-
sistor before tuning.
- b) tuned resistor R=50 ohms.

- ¢) 1/R curve versus working time.

sputtering yield and to the fact that af-
ter 39 min the beam reached the
substrate.
Connection modifications by FIB and FDB
The connection studied for cuts is
a gold deposited stripe on H/B amorphized
GaAs. Several cuts have been carried out
with the Ga' ion beam (15kV Ip=30pA). Fi-
gure 6 shows the several pm cuts machi-
ned in Au layer. A surprising result is
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1um
Figure 6 - Several cuts can be seen on
the gold stripe. Each one adds 8 kohms to

the total resistance.

that each cut adds only 8 kQ
resistance. A subsequent
etch increases this value
of megohms. This suggests that ion irra-
diation induces a surface restructuring
accompanied by some conductivity. Musil
et al. (1986) results demonstrate that
this effect does not occur on real
insulators.

As previouly noticed,
duce small charged
range from some atoms
droplets. Droplet and
have been studied for different metals.
Emission characteristics of gold droplet
emitters were investigated by D’Cruz et
al. (1985) and Papadopoulos et al.
(1986). D’Cruz reported a droplet emis-
sion angle of only 2-3 (instead of 20°
in the ion case) for a typical 5x105
um3 /s/Sr  flux and 3x103 um3/s deposition
rate at 150 upA. More recently, Frangois
et al. (1987) studied the LMIS cluster
beam constituents and their role in the
properties of unfocused deposited film.

The focusing properties of electros-
tatic lenses being independent of charge
to mass ratio, focusing of charged dro-
plets is theoretically possible in an FIB
system. First Mahony et al (1982, 1984)
attempted to focus this droplet beam and
obtained 60um wide gold deposited dots.
Ben Assayag et al (1986) reported 2.3 pum
gold deposited dots in 10s with rates of
1.5 um3/s using a Au focused droplet beam
(FDB). By scanning the metal beam, 100um
long and 4um wide metallic wires were
drawn in 70s.

In order to apply the
plet beam technique
engineering, a precise characterization
of indium cluster emission has been
achieved. Figure 7 is a focus series of

to the total
soft chemical
to several tens

LMIS also
clusters whose
to 0.1

pro-
sizes
to 1 um
cluster emission

focused dro-
to microelectronic



ions

Focus

v = 1446
[ss

deposited with

Figure 7 - Indium has been
In focused droplet beam for
lens excitation. The best focus
50 to 150 eV excitation below
beam focusing (Vions=2kV,
I=300A) »

different

is about
best ion
Viens=1.4kV,

indium ions and droplets reaching a GaAs
surface. Accelerating voltage was close
to 2 kV and the extracted current 30 pA.
When ions are perfectly focused (Viens =
1400 V) droplets are overfocused, best
droplet focus is 100 to 200V below the-
lens voltage of the best ion focus. These
results confirm that droplets have an
energy deficit with ‘respect to ion
energy. A rough evaluation by Ben Assayag
et al (1986) gave about -350 eV for gold
at I = 150 pA. The smallest In deposi-
tion dot achieved was 2um wide in 2 min
and for a current I = 30 pA (Figure 8).

Metal deposition by simply scanning
a focused droplet beam (FDB) is very at-
tractive because FDB can be done in the
same apparatus as FIB by changing the
emission current. Application to UV and X
mask repair includes clear and opaque
defects. To investigate the possibility
of directly establishing electrical con-
nections by FDB, we have employed our
SEM/FIB system, using the FIB column for

FDB. In Figurc 9, a previously tuned re-
sistor ( R=100 Q) has been short-
circuited with a 3um-wide metal deposi-

tion line. The initial resistance was 100
Q@ and the residual value about 4 Q. This
example shows the feasibility of circuit
restructuring and repair by the FDB
technique.
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Conclusion

This review paper has shown that a
large number of applications involving
focused ion beam techniques has been im-
plemented in microcircuit engineering.
Recent developments of higher resolution
focused beams increase the perspective of
FIB technique to future low dimensional
(2% 1 or even 0D) devices. The unique
ability to modify devices by software
makes the use of FIB very attractive for
the creation of exotic circuits. A parti-
cularly promising domain of applications
is integrated microoptoelectronics where
FIBI modifies material properties in the
X-Y direction and MBE in the Z-direction.

The weakness of FIB is to be found
in the still insufficient current density
and consequent low processing speed com-
mon to all focused beam systems. The time
necessary to expose a unit area of a wa-
fer to obtain a given effect depends on
total dose which is much lower than in
the case of broad beams in spite of hig-
her current density. We have shown the
first results of FDB repair of a circuit.
Some efforts remain to be made to make
FDB reliable, particularly, one would
like to gain better knowledge of the dro-

plet emission mechanism which could be
tightly linked with the ion emission
process. We should remark that the larsge

energy dispersion of droplet beams (50eV
at least) limits resolution more dramati-
cally for FDB than FIB.
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Figure 8 - An In dot was deposited for Figure 9 - An FDB deposited Indium line

[=30uA and t=2min. straps the resistor contacts. Residual
resistance is 4 ohms.
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Discussion with Reviewers
D.McPhail: The authors suggest that fo-
cused ion beams may in future be used to

image materials such as low dimensional
structures. This may require beams focu-
sed down to ten nm or less. What are the
prospects of this and to what extent will
natural straggling associated with the
collision cascade then limit the lateral
resolution? How does the lateral strag-
gling vary in semiconducting materials
such as GaAs, with the mass and the ener-
gy of imaging species, upon its angle of
incidence, and upon the target density?

Authors: Scanning ion microscopy can
theoretically offer wultimate resolution
as small as SEM, or smaller: Levi-Setti
et al (1985) reported the feasibility of
a probe as small as 20 nm. The limit is
linked with the gaussian radius of the
source (about 30 to 50nm), due to coulom-
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bian interactions near the emissive area.
Nanometric probes can only be achieved
with more sophisticated optical designs
as Koehler illumination. Concerning the
visualization of low dimensional
structures, we think that high resolution
SEM 1is more appropriate. The limits of
resolution for the fabrication of very
small systems as quantum devices by FIB
implantation is lateral straggling which
enlarges the profile of impurities and
the creation of damages in the crystal.
Light dopants exhibit larger straggling
than heavier ones. The absolute value of
the straggling increases with the energy.

For GaAs, typical values of straggling
are for Si ions 6.5 nm, at 10 keV and 33
nm at 100 keV. (See e.g. Wilson and Bre-
wer 1979).

L.W. Swanson: The authors suggest that
the focused beam current density profile
is "roughly gaussian'". Several workers in

this field have recently reported "long

tails in the current density distribution
for ions such as B* and Sit. Because of
such long tails do the authors believe

this may limit the usefulness of FIB for
localized implantation applications?
Authors: This is a very important remark.
The "long tails" observed, especially for
singly charged ions are of course trans-
ferred into the probe current profile via
the chromatic aberration coefficients.
This effect seems of very small importan-
ce for SIM or for micromachining applica-
tions (the strong increase of sputtering
yvield with incidence 1is a factor which
tends to compensate for this effect).
However, the spread of doping due to the
presence of "tails" will constitute a 1li-
mitation for highly localized implanta-
tion if its width is comparable with the
expected straggling.
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