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Abstract 

Applications of focused ion and 
cluster beams emitted by liquid metal ion 
sources are particularly attractive in 
microelectronic engineering. We overview 
this area of research and development ad ­
ding recent results concerning repair, 
tuning and c hara cterization obtained ei ­
ther by focusing ions or droplets on a 
microcircuit controlled by in-situ SEM 
observation of the process. 
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ning ion microscopy, microlithograph y , 
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beams, focused ion beams. 
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Introduction 

In 1973, Seliger and Fleming inves­
tigated for the first time the potential 
applicatio n s of focused ion beams in 
microele ctronics; they mentioned doping, 
damage in crysta l structures, mol ecular 
bond breaking. They said : "The objecti­
ve is to demonstrate unique microf a bri ca ­
tion techniques such as maskl ess implan­
tation doping and the formation of self­
aligned structures". 

In 1987, focused ion beam systems 
have an increasing number of applicatio ns 
in microlithography, mi cromachini ng, high 
resolution secondary ion mass 
spectro metry, localized implantation or 
more recently localized met al deposition. 
These systems usually provide 0.1-0.2µm 
ion probes of a number of species (Ga, 
Si , Be, B, As, Sn ... ) with a current 
density of 1A/cm2. 

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 focu sing a particle beam into a 
probe, the optical aberration effects 
make it necessary 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. 

of classical 
etc ... ) li­
at typical 
nm diameter 

The limited brightness 
ion sources (duoplasmatrons, 
mits the value of the current 
values of 0.6pA for a 300 
probe leading to prohibitive 
microfabrication. 

times for 

During the ?O's, the advent of li­
quid metal ion sources boosted the attai­
nable current values for a given probe 
size by several orders of magnitude, ma­
king the original ideas of Seliger and 
Fleming feasible. 
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Ion - Solid Interaction 

Generalities 
The impact of pri mary ions I on a 

surface II induces vario us secondary 
effects. Each o n e has potential applica ­
tions i n physics, microelectronics, 
microanalysis, solid modification, etc . . 

The effect of ion irradiation and 
its corresponding application are summa­
rized in the following Tab l e 1. 

Most of the techniques have thus far 
been developed for mi croelectronics 
engineering, using large, or poorly focu­
sed beams. The advent of submicroni c ion 
probes further widened this impressive 
domain of applications, providing t h e 
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 c hara c teristi cs of 
both phenomena. 
Sputtering 

A surface irradiated by energetic 
particles is ero ded by the removal of 
surface ato ms. Sig mund (1981} showed that 
the sputtering yield of metals , whi c h is 
the number of removed atoms per in c id e nt 
ion, depends on pri mary particle e n ergy 
and mass, mass of the target atoms , inci­
d e nce angle , residual gas pressure, crys­
tal orientation . Below a threshold e nerg y 
which is about 20 to 40 eV for normal 
incidence, no sputtering occurs . Above 
this threshold, the yield incr eases with 
incident energy and reaches a broad maxi­
mum in the energy r egio n of 5 to 50 keV. 
At oblique angle of ion bombardm e nt the 
sputtering yiel d increases monotonically 
with increasing angle up to 70 to 80 ° . 
Higher mass particles gives mostly larger 
sputteri n g yields than lighter ions. For 
exa mpl e, from Andersen and Bay (1981), a 
maximum sputtering yield of 2 ato ms per 
Ar incident ion is meas ured at 20keV for 
a silicon target. At 100 kV this val ue 
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 etc hing using a reacti ve gas 
such as chlorine. Ochiai et al. (1984) 
mentioned a yield increase of a fa ctor of 
8. The domain of so me tens of keV for 
heavy species is well adapted to t h e fo­
c using of s ubmi cro n pro bes for machining 
applications. 
Implantation 

Ion implantation is conceptually one 
of the simplest met hod s for modif ying 
particular properties of a semiconductor 
in selected regions . The problem is to 
decide which electrical, physical, opti­
cal or mec hani cal properties are required 
and to c hoos e the che mi cal co mpositi on to 
achieve these results. Maskless focused 
io n beam implantation (FIBI) offers the 
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possibility of si mpl ifying local modifi­
cation of electronic properties in a 
solid . So , FIBI can be co n sidered as a 
sub micr on tool for localized gap 
modification. The penetration depth is a 
function of the ato mi c mass of both inci­
dent ion and targ et and increases with 
the energy of the pri mary beam. Table 2 
shows calculated values of the projected 
range Rp in GaAs. 

To reach a r e asonable penetration 
depth in se mi co nductors for p and n do­
pantR (of the order of 0.lµm} a minimum 
energy of some hundreds of keV is 
necessary, except for the light er ele­
ments such as B or Be. 

The creation of crystal defects and 
irradiation damages disturbs the elec ­
trical properties of devices. A subse­
quent ther mal annealing is usually neces­
sary to restore crystal structure. Avai­
lable theories ( Townsend et al (1976)} 
of irradiation damage are not completely 
satisfactory for FIBI. Energy deposited 
by submicron ion probes induces a local 
elevation of t e mperature which ma y affect 
the extent of lateral diffusion. 

Finally, two energy ranges emerge as 
relevant from the characteristics of 
sputtering and implantation processes 

E = 10 keV range for ma xi mum mac h i­
ning efficiency. 

E = 100 keV range for reasonable pe­
netration d ept h in ion implantation. 

Focused Ion Beam Machin es 

Princi le of li uid metal ion sources 
As me ntion e d above, the d eve lopm e nt 

of practical focused ion beam mac hin es 
has be e n mad e possible by the advent of 
liquid metal ion so ur ces (LMIS). Th e li­
quid metal e mitt er was originally 
studied , in the seve nt ies , by several au­
thors including Krohn (1961}, Krohn and 
Ringo (1975}, Mahone y et al (1969), Clam­
pitt et al (1975). The early d eve lop­
ments of these e l ect rohydrodynami c e mit­
ters were dir ecte d at electr ic space pro­
pulsion purposes . 

In an operating LMIS a liquid meta l 
flows onto a tungsten needle up to a 
sharp apex . Whe n a c ritical positive vol­
tage is applied between the ion source 
and an extractor, an ion current from 1 
to 100 µA is available . The e mi ssion ap­
pears at th e apex of a liquid co ni cal 
structure described by Taylor (1964) and 
mor e recently by the gro up of Cutler et 
al (1986) and by Swa nson and Kingham 
(1986). In- situ high vo ltage TEM pictures 
of an operationg LMIS shows that the ex ­
treme apex of the liquid ex hibit s a dis­
torted co n e s hape , with concave walls 
(cusp). A fine j e t-like protusion ter mi­
nates the structure (Ben Assayag et al . 
1985, Gaubi et al . 1982) and its size is 
about 1. 5 nm radius at l0µ A emission 
curre nt. The virtual source size is muc h 
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Table 1 : Th e e ff ects of io n irradiation and its applications. 

SECONDARY EMISSION 
scattered io n s I 
seco nd ary ions I - II 
Secon d ary neutral s I -I I 
p h otons 
se co ndar y electro n s 
SURFACE EFFECTS 
dislo ca tions 
c h e mi ca l sp utt e ring 
physical sputtering 
seco n dary ions 
assisted c h e mical d epos ition 
c lust er d e position 
BULK PHENOMENA 
v olume dislocation s 
molecular bond breaking 
a morp hi sat ion 
impl a nt atio n 
c h anneling 

Table 2 : Rp sta ndard projected 
range for diff ere nt dop a nt species 
in GaAs (Wil so n a nd Brewer 1979) . 

Rp Be' B• Ga ' Si I 

nm 

l0kV 28 28 8 11 

l00k V 500 500 32 80 

larger and is esti mated to be 30 to 50 nm 
(Komuro e t al 1983). Th e co r respo n di n g 
brig h tness i s a bout 10 5 A/c m2 whi c h is a t 
least 100 ti mes hi g h er than t h at of ot h er 
so u rces . At l ow e mi ssio n c ur re nt s (a few 
µA) , th e e missio n process ge n e ra lly co ns­
id~red is fi el d eva por at ion of the metal 
(Go mer 1979). One ca n expect a very nar ­
ro w e n e rgy spread of th e ions (l ess than 
l eY for field ionization on soli d 
s urfa ces ); unf ort un ate l y t h e measured va ­
lue s are about 5 to 10 eY (Ohana R . 1980, 
Gesley a nd Swanson 1984) n ear on set, a nd 
increase with c urrent. Th e subsequent 
c h ro matic a ber rations suggests that one 
shou ld work at low c urrent for h ig h 
resol u tio n, as s h own b y Fo x et al (1981), 
Mair a nd Mul vey (1985). Th e e mis sion sta ­
bility is also ve ry se n s iti ve to the va ­
c uum qualit y , a nd t h e liquid perturba ­
tions du e to ba ckscattere d secon d ary 
atoms, ions or ele c trons whi c h indu ce 
c ra c king pro cesses and car bona ceo u s depo ­
s ition on th e e mitt er (Sudraud e t al 
1986). A hi gh vacu um ( 10- 8 to 10- 7 torr) 
i s nece ssary for proper gun operation. 

LMIS b eco me more and more reliable . 
The tip-filament-crucible d es ign initial­
l y c r ea ted in Orsay (Sudraud 1979) h as 
b ee n universall y adopted a nd impro ve d. We 
c urrently observe l ife ti me s of severa l 
mo nths for Ga or In LMIS. 

The basi c co n ce pt of LMIS excludes 
the direct ionization of high vapor pres -
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APP LI CATIO N 
Ruth erfor d bac k scatteri n g 
SIMS , SNMS 
Mac hin ing , pos t-i o n iza tion SIMS 
II XE 
S IM 

e l ectrical isolation 
re pair, mac hinin g 
repair , machi nin g 
sca nnin g ion mi croscopy , SIMS 
d evice r epair 
metal deposition 

e lectri ca l isolation 
litho grap h y 
isolation 
p, n doping or i solatio n 
ion lit he . mask s tec hn o log y 

sure a nd s u bstrate - corros i ve e l e me nts. 
Low vapor pressure a ll oys overcome th ese 
pro bl e ms , ( Bozack et a l. 1985). A large 
ser i es of alloys ha ve bee n d eveloped for 
impurity-doping of se miconductors . Table 
3 s ummari zes the ion species and co rres ­
ponding liquid me tal s 

Table 3 : Th e diff ere nt ion 
t h e correspo nding alloyed 
io n so ur ce . 

species a nd 
liquid meta l 

TON SPECIES 
Ag 
Al 
As 

Au 
B 
Be 

Bi 
Cu 
Cs 
Ga 
Ge 
In 
Ni 
p 
Pb 
Pd 
Pt 
Sb 
Si 
Sn 
u 
Zn 

LIQUID METAL 
Ag 
Al 
Pd- Ni- B-As , As-Sn-Pd, 
As -P t 
Au 
Pt-B, Pd - Ni - B , Pt-Ni-B 
Au - Be , Au- Si -B e , 
Ga-Si-B e , 
Pd-Ni- Si - Be -B 
Bi 
Cu 
Cs 
Ga 
B-Pt-Au-G e 
In 
Pd-Ni- B 
Cu- P 
Sb- Pb - Au 
Pd-Ni - B 
Pt-B 
Sb-Pb- Au 
S i, Au-Si, Ga-Si- Be 
Sn, As - Sn -Pd 
u 
Zn, Zn-G a 

In addition to providing si ngl y and 
doubly c har ge d parti c l es , liquid meta l 
ion sourc es e mit c h arged clust e rs and 
droplets at hi g h c urr e nt e mi ssion co ndi­
tions ( I= 30 to 300 µA). Then, the abi ­
lit y to s putt e r using the ion mod e and 
deposit meta l in th e droplet mode in the 
sa me apparatus migh t b e a n extremely in-
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teresting extension of the applications 
for sytems using LMI sources. 
A typical focused ion beam machine 

The ultimate 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 colu mn (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 i mpl antation 
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 repre­
sents a typical FIB column (JEOL). 

Figure 1 
beam machine 

Principle of a focused ion 
(after JEOL). 

The ion beam is extracted from an LMIS, 
focused by co ndenser and objective elec­
trostatic lenses. A defl ector scans the 
beam on the target. An ExB filt er selects 
ion species when an alloyed metal LMIS is 
used. Apertures define lens 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 
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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 chromatic 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 III-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) and Orloff and 
Sudraud (1985) have proposed a Koehler 
illumination system by analogy with 
Koehler illumination e-beam lithography. 
These have the advantage of uniform cur­
rent density delivered onto the target 
and of overcoming the problem of stochas­
tic 0.3 mrad angular dispersion of LMIS 
ion trajectorjes due to coulombian inter­
actions as explained by Ward (1985). 

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 ca n easi ly be control led and 
cha nged in X, Y and Z directions by 
software. Unfortunately, the theoretical 
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resolution of FIBI is limited by lateral 
straggling of the dopant, due both to 
co llisional 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 ion 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 evide nce of 
self-annealing processes which can resto­
re the cry stal. 

Despite an ion spot having a diamet er 
of 0.lµm, Miyauchi et al. (1983) measured 
for high implantation dose ( 5x10 14 c m- 2 ) 
up to lµm or more lateral spread of 
160kV-implanted Si or Be into GaAs. 
However, they conclude that doping of 
sub micron width ca n be realized with low 
doses or shallow implantation. 

The interesting approach of Reuss et 
al . (1985) is to co mpar e the results of 
the fabrication of the same device with 
conventional and FIB ( 75kV, 30 mA/ c m2 ) 
B implants. Electrical measure ment s on 
two vertical npn bipolar transistors fa­
bricated on the sa me wafer with conven­
tional and focused ion implantation are 
comparable . They demonstrate fabrication 
of transistors with lateral doping profi­
les to reduce crowdi ng 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 (0.4µm) iso­
lation region can be formed in n-GaAs 
layers with the conductive layer carrier 
co n centratio n up to lxl018 cm-3, The high 
resistivity 2x10 4 Q 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 unfo c used 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 10 4 to 10 5 Q cm with less than 0.5µm 
line width after l00kV boron implantation 
in n-GaAs 2xl0 17 /cm 3 . 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 co mpounds is suitable. 
These devices have complicated structures 
and numerous fabrication steps including 
an alternation of crystal growth and ion 
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implantation. But growing high quality 
epitaxial layers on air exposed surface 
is diffi c ult. In classical implantation, 
the wafer is encapsulated to avoid surfa­
ce oxidation and impurities adsorption 
during the tranfer. Miyauchi and Has­
himoto (1986) have built an FIB 
implanter-MEE crystal growth system with 
a constant minimum vacuum of 5x l0- 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 lines in multilayer 
structures. Multilayered crystals with 
three dimensional arbitrary pattern-doped 
regions of submicron size were grown 
using co mputer software without any air 
exposure (Hashimoto et al. 1986). The 
carrier profile in air exposed and non­
exposed regrowth int erface was measured 
which demonstrates no carrier depletion 
in the non-exposed crystal. 

Ishida et al. (1986) fabricated bu­
ried optical guide (BOG) in GaAs. The 
principle is based on the fact that the 
co mpositional disordering of Si doped 
multiquantum well is suppressed by Be ion 
implantation and subsequent annealing. 
Their process is co mpletely planar and 
very si mple. Despite a high value of 
threshold curre nt, 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 is necessary to minimize la­
teral straggling and to establish the ab­
solute lateral resolution limit for FIBI. 
Hicrolithography 

Ion beam lithography is a new poten­
tial means for producing electronic devi­
ces with submicron dimensions. In rPcent 
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 ion 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 li­
thography have involved broad beams where 
light ions H•, He• or B• are used. At 
l00kV the penetration depth of these 
ions reaches lµm. For FIB syste ms using 
intense and reliable liquid metal ion 
sources such as Ga, Au, Sn the penetra­
tion depth is very small. For Ga and 
l00kV acceleration voltage 0 . lµm 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 l00kV Ga• beam. At 1.5xl0 - 7 C/cm2 a 
line pattern with 0.06 µm 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 
l00kV Be• focused ion beams was used to 
get a T-shaped groove in the exposed 
resist. The average resistance of the 
0.25 µm long mushroom gate was 18.5 Q 

quite better than the conventional gate 
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 ­
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 
com mercial 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-r ay mask repair, creation of 
optical str ucture s 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 co m-
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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 Harriott et al, 
(1987) demonstrates the fabrication of 
mirror facets in active InP laser 
devices. In this experiment a 20kV Ga 
beam is focused in a 0.2µm 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 mac hined 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- 1 0 A current. The 
spot diameter was 0.25 µm. 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 (SiO2) 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
se connections is 3 Q, With simple 
milling, cuts in 0.65µm thick l0µm 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 micro electro ni cs 
but which can become one of the best 
tools for precise chemical analysis of 
co mpli cated semi - conductor structures. 
High performance secondary ion mass spec ­
trometers have been used in an increasing 



Ion and Cluster Beams for Microelectronics 

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 limits 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 applications 
to microelectronics of the low energy 
(20kV) focused ion beam column which we 
have coupled with a scanning electron 
microscope. 

Electron and ion beams cross on the 
sample 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 used in the ion mode and droplet 
mode. Figure 2 shows the complete 
apparatus. A high vacuum of lxl0- 7 Torr 
is maintained in the specimen chamber 
while 200 1/s ion pump maintains lxl0- 8 

Torr in the ion column. 
Devices characterization 

During the numerous steps involved 
in microcircuit fabrication, some defects 
can appear because of failures in lift­
off, 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. 

between a resistor and its connections 
due to thin (1 to 3 nm) tantalum oxyni­
tride covering the tantalum nitride 
resistor. As a primary step in the re­
pair process, a 5µm wide and about 2µm 
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, (0.3µm spot, 
Iprobe = 50pA) Ga ions, we demonstrated 
the feasibility to tune passive 
microdevices. Figure 5a shows the con­
tacts connected for in-situ real time 
electrical measurements. The resistor is 
a doped GaAs 10 µm-long and 10 µm-wide 
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Figure 3 - a) Interdigitated field-effect 
transistors (MESFET) and a cut dug in the 
active region. 
- b) and c ) Magnified views 
- d) The polyimide layer is 
b et ween the Au(surface) and 
( c lear). 

of FET gate. 
intercalated 

AuGeNi layers 

Figure 4 - a) Rectangular well displaying 
the circuit tomography. From top to bot­
tom Au (bright), titanium (dark), tanta­
lum oxinitride (not resolved) and GaAs 
substrate (dark). 
- b) Aspe ct of the resistor contacts af­
ter the first step of the repair. Smooth 
tantalum nitride surfa ce has been c leared 
off. 
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stripe l ocated in proto n/boron implanted 
se mi-in sulati n g GaAs . The ca l c ulated re­
sista n ce value is 50 Q , In fact, the a c ­
tual va lu e is about 32 Q , A square well 
was du g i n the r esistor to produce a de­
sired increase of resista n ce . Figure 5b 
shows t h e modifi ed resistor . Resistance R 
stays stable at 50 Q wit hin l ess than 0.1 
Q and ex hibi ts a lin ear I(V) 
c haract eristic . 

Th e corres ponding 1/R curve 5c ver ­
s u s tim e is a straig ht lin e which sug­
gests a co nstant sp utt e ring yiel d if we 
exc lud e the very beginning a nd e nd of 
eros ion. This ca n be due respectively to 
surface impurities or oxides wi t h low er 
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Figure 5 - a) aspect of the implanted re­
sistor before tuning. 
- b) tuned resistor R=50 ohms. 
- c ) 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 co nne ction 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 µm cuts machi ­
ned in Au layer. A surprising result is 
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Fig ure 6 Several cuts ca n be seen on 
the go ld stripe . Each one adds 8 kohms to 
t h e total resistance. 

that each cut adds only 8 kQ to t h e total 
resistance. A s ub seque nt soft c h e mical 
etch increases this val u e to several tens 
of mego hms. This suggests t ha t ion irra­
diation indu ces a s urf ace r estructuri n g 
acco mpani ed by some conductivity . Musil 
et al. ( 19 86) results demonstrate that 
this effect does not occ ur on real 
insulators. 

As previouly no ticed , LMIS also pro­
duce small c harg ed cl u sters whose sizes 
range from so me ato ms to 0.1 to 1 µm 
droplets. Droplet and cluster emission 
have been st udi ed for different metals. 
Emi ssio n c ha racter i stics of gold droplet 
e mitt e rs were investigated b y D'Cruz et 
a l. (1985) and Papadopoulos et al. 
(1986). D'Cru z reported a dropl et e mis­
sion angle of o nl y 2-3 ° (instead of 20 ° 
in the ion case) for a typical 5x10 5 

µm3 /s/Sr flux and 3x 10 3 µm3 /s deposition 
rate at 150 µA. Mor e recently, Fran~ois 
et al. ( 1987) studied the LMIS c luster 
b ea m constituents and their role in the 
properties of unfocus e d d ep osit e d film. 

The focusing properties of electros ­
tatic lenses b ei ng indep e ndent of c harge 
to mass ratio, fo c using of charged dro­
plets is theor etica ll y po ss ibl e in an FIB 
system. First Mahony et al (1982, 1984) 
attempted to focus this droplet b ea m and 
obtained 60µm wide gold deposited dots. 
Ben Assayag et al (1986) reported 2.3 µm 
gold deposited dots in 10s with rates of 
1.5 µm3 /s using a Au fo c used droplet beam 
(FDB). By scanning the metal b eam, l00µm 
long and 4µm wide metalli c wires were 
drawn in 70s. 

In order to apply the focused dro­
plet beam tec hniqu e to microelectronic 
engineering , a precise characterization 
of indium cluster e mis sion has been 
achieved. Figure 7 is a focus series of 
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(7) 

- 50 V 
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J-"ocus ions 

Figure 7 - Indium has bee n depo site d with 
In focused droplet beam for different 
lens excitation. The best focus is about 
50 to 150 eV excitation below b est ion 
beam fo c u s ing (Vion s =2kV, V1ens=l.4kV, 
I=30µA). 

indium ions and droplets reaching a GaAs 
surface. Accelerating voltage wa s c lo se 
to 2 kV a nd the extracted c urr ent 30 µA. 
Whe n ions are perfectly focused (Vien s 
1400 V) dropl ets are overfocused, best 
droplet focus is 100 to 200V below the­
lens voltage of the best ion focus. These 
results co nfirm that drople ts hav e a n 
energy deficit with ·respect to ion 
e n ergy . A rough evaluation by Ben Assayag 
et al (1986) gave about -350 eV for gold 
at I= 150 µA. The smallest In deposi­
tion dot achieved was 2µm wide in 2 min 
and for a c urrent I= 30 µA (Figure 8). 

Metal deposition by si mpl y 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 e mpl oyed our 
SEM/FIB syste m, using the FIB c olumn for 
FDB. In Figuru 9, a previously tuned re­
sistor ( R=lOO Q) has b een short­
circuited with a 3 µm-wid e met al deposi­
tion line. The initial resistance wa s 100 
Q a nd the residual value a bout 4 Q. This 
exa mple s hows the feasibility of circuit 
restructuring and repair by the FDB 
technique. 

1338 

V 

- 2 so v 

Conclusion 

This r eview paper has s hown that a 
large number of applications involving 
focused ion beam techniques h as been im­
ple mented in microcircuit engineering. 
Recent developments of high er resolution 
focused beams increase the perspective of 
FIB technique to future low dimensional 
( 2, 1 or even OD) devices. The uniqu e 
ability to modify devices by software 
makes the us e of FIB very attractive for 
the creatio n of exotic circ uit s . A parti­
cu larl y pro mising domain of applicatio ns 
is integrated mi crooptoelectro ni cs where 
FIBI modifies material properties in the 
X-Y direction and MBE in the Z-dir ection . 

The weakness of FIB is to be found 
in the still insufficient current density 
and consequent low processing speed co m­
mon to all focused beam syste ms. Th e 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 ha ve 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 e mission mec han ism which could be 
tig htl y linked with the ion emission 
process . We should remark that t he large 
energy dispersion of droplet beams (5 0eV 
at least) limits resolutio n more dramati­
cally for FDB than FIB. 
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Figure 8 - An In dot was deposited for 
I=30µA and t=2min . 
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Discussion with Reviewers 

D.McPhail: The authors suggest that fo­
cused ion b ea ms may in future be used to 
image materials such as low dimensional 
structures. This may require beams focu­
se d down to ten nm or less. What are the 
prospects of this and to what extent will 
natural straggling associated with the 
collisio n 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 mi croscopy can 
theoretically offer ultimate 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 is 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 crysta l. 
Light dopants ex hibit 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 "roug hl y gaussian". Several workers in 
this field ha ve recently reported "long 
tails in the current density distribution 
for ions such as B' and Si'. Because of 
such long tails do the authors believe 
this may limit the us ef uln ess of FIB for 
localized implantation applications? 
Authors: This is a very important remark. 
The "long tails" observed, especially for 
singly c harg ed ions are of course trans­
ferred into the probe current profile via 
the c hrom atic aberration coefficients . 
This effect seems of very small importan­
ce for SIM or for micromachining app li ca ­
tions (the strong increase of sputtering 
yie ld with incidence is a factor which 
tends to co mpensate for this effect). 
However, the spread of doping due to the 
presence of "tails" will constitute a li­
mit ation for highl y localized implanta­
tion if its width is co mpar able with the 
expected straggling. 
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