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i - \A‘I‘he finely focused ion beam is a new instrument with many uses. It can focus
. a beam of any one of many species of ions at energies up to 200 kV to
::::.l dimensions below 0.1 ia. This capability can be used: to implant dopants in .
_|':,n:: semiconductors in a maskless process, to mill avay material and repair masks
::;“i::' or circuits, to deposit material with submicron resolution if an appropriate
A local gas ambient is present, to perform lithography by exposing resist, and
..{ - to analyze and examine specimens. There are about 30 sophisticated systems in
| '{ operation world wide, about two thirds of them in Japan. The field is still
i) in its infancy, and one can expect both improvements in machinery and many nev
2:{4{ applications to develop particularly in the area of custom semiconductor
t:;:::x devices.
‘.'gl, K
NUR )
e =
ot o D |
,.b‘i‘l ! v ra
ol !% ELECTE “f
: S MAY 1 3 1986
0%
i
‘..‘ \ S
i;:;:e: e D
:o":o:
o [ | r,
;A:’ J : 1 8 0 v
t:’:g. Q
% 86 5 12 170
fh“;
iy Microsystems Massachusetts  Cambridge Telephone
—_— Research Center  institute Massachusetts {617) 253-8138
-~ Room 39-321 of Technology 02139 o g 1 2 :
R Lo = ¢
l":‘*.

Ay ¥ .

s

Sy . , s - v “
SR O 20 0 Uy, 0 ) U AR ). J )
AL O N I R UDOU A RN MM, LR . . p L Rl LT AR A AR AN A e -,




Acknovledgenents

To be published in IEEE Electrotechnology Review 1985. This work wvas
supported in part by Draper Laboratory under contract number DLH-225270, by
Defense Advanced Research Projects Agency under contract number MDA903-85-

C0215, by Joint Services Electronics Program under contract number DAAG29-83-.

K-0003, and by Nippon Telephone and Telegraph.

Author Information

Melngailis: Research Laboratory of Electronics, MIT, Room 39-427, Cambridge,
MA 02139, (617) 253-4679. .

Copyright (c) 1985, MIT. Memos in .his series are for use inside MIT and are
not considered to be published merely by virtue of appearing in this series.
This copy is for private circulation only and may not be further copied or
distributed. References to this vork should ‘be either to the published
version, if any, or in the form "private communication.” For information
about the ideas expressed herein, contact the author directly. For
information about this series, contact Microsystems Research Center, Room 39-
321, MIT, Cambridge, MA 02139; (617) 253-8138.

t

Accesion For L
NTIS CRASJ d
DTIC TAB O
Unannounced

Justification

a
By _lia~ o %
Dist; ibution |
/\ Availability Codes
, g,,? Avail andjor

S / Dist Spectal

DO

;',"i"at i




or circuits, to deposit material with submicron resolution if an appropriate

Focosed Ion Beanm
Technology®*

by {

John Melngailis
Massachusetts Ianstitute of Technology
Cambridge, MA 02139

Abstract

The finely focused jon beam is a new instrument with many uses, It can
focus a beam of any one of many species of ions at emergies up to 200 kV to
dimensions below 0.1 um., This capadbility can be used: to implant dopants in

semiconductors in a maskless process, to mill away material and repair masks

local gas ambient is preseat, to perform lithography by exposing resist, and
to analyze and examine specimens. There are sbout 30 sophisticated systems in
opesration world wide about two thirds of them in Japan. The field is sfill i;\
its infancy; and one can expect both improvements in -ﬁehinety'und many new

spplications to develop particularly in the area of custom semicoaductor

devices,
® Supported by Draper Laboratory (contract DLH-225270), DARPA (contract
MDA903-85-C0215), Joint Services Electronics Program (contract DAAG29-83-k-

0003), snd Nippon Telephone and Telegraph.
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Focused-Ion-Beamn Technology

. : Not since the laser has s new instrument appeared with as many uses as
$§' °  the finely focused ion beam. These uses range from maskless, resistless

fk@ fabrication of integrated circuits to microanalysis of prehistoric artifacts.
é% At present ion beams of any number of ion species, among them the dopants of
ifi Si and GaAs, can be focused to dimensions below 0.1 ym at accelerating

;55 ) voltages of up to 200 kV and current deansities in the focal spot on the sample
;¥§ . of 1 A/em®, Energetic ions (10 keV to 200 keV) iacident on a solid can:

Egé imbed themselves to produce doping, cause surface atoms to be sputtered off,
;$§ cause electrons to be emitted, induce chemical reactions, and produce lattice
%ﬁw damage, These many effects bave led to many spplications. The main d:iving
?{? | force for the development of this technology, however, has come from the -

;ﬁ p;tontill impact on semiconductor device fabrication.

é;{ p Although the earliest development of sophisticated focused ion beam

gl | systems occurred in the U.S. at the Hughes Research Laboratories(1)(2) the
%gl - largest volume of research work in the field is no; being done 1n'3npan. All
%? of the major integrated circuit manufacturers in Japan have mounted research
o efforts, and a total of about 20 machines are in operation. 'hile a total of
kgf eight companies manufacturing these machines have sprung up.in the U.S., in
%ﬁ Great Britain, and in Japan, only JEOL in Japan can be considered in a

§§ production -o;o. JEOL bhas delivered a total of 15 nachines. a1l domestically.
;ég A At this point the otbers have delivered at ;ost one or two machines each.

s

:“:t' Eaniogent

i;; A focised ion beam machine has three major parts: the source of ioms,

144 the ion optical column, which focuses the beam and in some cases mass
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separates ions; and the sample stage and beam deflection s;ste-.‘ It resembles
an electron beam lithography system both in operation and in primciple, except ‘ ‘
that ions instead of electrons are focused on to the sample.

The development of the high brightness liquid metal ion source in 1975(3)
was the single most important factor im lsunching this technology. Before
that in 1973 ions from an implanter had been focused and many of the potential
applications had been demonstrated or postulsted.(‘) However, the current of
ions in the focal spot was discouragingly low, The liquid metal field
ionization source boosted this current density by 4 orders of mangnitude. In
this source a liquid metal film is made to flow down a sharp needle (usually
tungsten) from a reservoir, see Figs. 1 & 2. The needle faces an extraction
electrode which produces a high electric field at the sharp tip. since the
electric field is acting on s liquid conductor, this conductor further deforms
to produce an even sharper cone. The apex of this cone is the source of ionms.
Soﬁtces ?f many elements, either pure or in alloys, have been developed. Ga
is the most chnionly used, AuSi, PtB, AuBeSi are some of the others. The
lifetime of these sources is in some cases 100 hours or more.

The ion optical column is a stack of precision-machined electrostatic
lenses and other clements, see Fig. 2. In the simplest case, where single
element sources are used, the column can be a single lens and beanm
deflector(l). With alloy sources, a mass separation element, usually
consisting of crossed electric and magnetic fields, is used in conjunction
with two or three lenses.{2) The most advanced column of this type built to
date, Fig. 3, has operated at voltages up to 200 kV, and demonstrated beam
diameters below 0.1 "._(5) The operation of the column is shown schematically

in Fig. 2.




(2)

This offers great flexibility and simplicity. Vith no meed for
resist or lithography one can in a single step vary the implantation
dose from transistor to tramsistor onm a chip, or ome can vary the
dose as a function of position within a transistor.(6) This nay
lead to novel devices. The price for this flexibility is lower
throughput., The focused ion beam implants point by point, With a
0.1 pm diameter beam, sn area of 1 cm?® can be implanted to a dose
of, say, 6 x 1011 jons/cm?, which is typical of a MOS chaanel
implant, in 17 min. Source and drain implants are 3 orders of
magnitude higher and would be practical over oaly very limited
areas, VYhile standard laxge ares fabrication will not be replaced,
the door has been ﬁpenod to special applications, device
customization, or prototyping.

Ion milling. If the ion beam scans an area for a long time,
material is sputtered away, Artypical removal rate with a 0.1 um
dismeter beam is aﬁout 1 pa3/min. Even though this is slow, and
only very limited areas can be milled to any significant depth, very
exciting applications exist. MNilling with focused ion beams proves
to be well suited for photomask repair of both opaque and clear
defects.{7) This is likely to be the first large scale commercial
use of focused ion beam. Three companies are offering mask repair
machines.(8) A gimilar application is integrated circuit repair.
Bere, by milling away part of a metal film comnections can be broken

‘9)‘10). and by special techniques comnections can also be made (10)

see Fig 4. As will be discussed below, the focused ion beam can be

used as a scanning microscope to display the mask or circuit
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- before or after repaired. Thus these applications become even more

NS attractive,

(3) Ion assisted etching, If a gas ambient such as chlorine is produced
near the surface of, say, Si or GaAs, then material is removed where

o the ion beam is incident.{11) Ag s result of the ion induced

chemical reaction, the rate of removal is § to 10 times faster thanm

3 by milling alone,
N
h (4) Ion assisted deposition. This is the reverse of etching. VWhen a

gas ambient of A1(cna)3 or WFg is created at the_snrf;ce. a

)

8 deposition of an A1/C/0 mixture or of tungsten is observed where the
N ion beanm is incident.(IZ) Submicron width lines have been

i deposited. This capability of material addition can be used to '

repair opaque defects in photo masks, (9) qnd potentially in xz-ray

i lithography masks. Even more exéiting is the possibility of

: repairing 1nte;:itcd circuits by adding conducting films. .In fact, .
E since the deposition rate can be fast (a dose of 1016 ¢o 1017

: ions/cm? can produce a usable film thickness), the wiring né of

prototype integrated circuits such as gate arrays is possible.

(5) Lithography. The use of focused ion beams to expose resist is quite

R R

similar to electron beam lithography. Resists such as PMMA are
sbout 100 times more sensitive to ions than to electrons in terms of

) charge per unit area., In addition, the ions deposit their energy

and expose the resist in a tight cone or cylinder around the point
of entry, while electrons scatter over a wider area and can produce
unwanted widening of features. The finite range of ions, however,

1imits the resist thickness. Light ions and high voltages reduce
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gg ' this limitation. A 200.kV machine operated with Be* ions has

~ exposed 0.8 ym thick PMMA(S), Speciasl cryogenic sources of ions

%g which can emit hydrogen or helium ions are being developed(14) and
%i are particularly attractive for lithography.

o+ (6) MNicroanalysis. If s mass spectrometer is positionmed to pick up the
}% species that are sputtered off by the focused ion beam, then one can
gﬁ analyze the composition of solids with submicrometer resolution.

ol This is a high resolution SIMS (secondary ion mass spectroscopy)

$2 machine., The location of the elements, can be displayed on a CRT
§§f (cathode ray tube). The composition of meteorites, integrated

Eﬁ "~ circuits, and and ancient fabrics haf been stndied.(ls)

§§ ) (7) Scanning ion microscopy. VWhen a beam of ions is scanned over a

;;j surface, eloctrons are emitted from the impact point 6f. These

b (: : electrons ;rc collected in a suitable multiplier tube whose output
§§ then modulates a CRT. The image formed is sinil;: to that of a

3“ scanning electron microscope. The scanning ion microscope clearly
M_ erodes the sample examined. However, ; photograph can be taken with
g% a loss of less than a momolayer of material., Also erosion can be

iﬁ minimized by using computer image storage techmniques.

“

%? The focused ion beam field is still in its infancy. In addition to the
{3 demonstrated applications discussed sbove, others can be imagined, Focused
ﬁa ion beam fadrication may permit a larger variety of devices to be fabricated
g% on integrated circuits than curreant technology permits. One example might be,
ﬁf electronic devices combined with optical or semsor devices om simgle chip.
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One can also speculate about all vacuum fabrication, where a large number of

fabrication steps would be carried out in a single vacuum chamber. The

tochsgd ion beam, by eliminating the need for resist, would piny a central r
& role in such a system. The first step in this direction has been taken at the i
% Optoelectronic Joint Research Laboratory in Japan where s focused ion beam
32 colunn and a molecular beam epitaxy system share the same vacuum chauber.(17) |

The ion beam column will also be improved. Lenses designed to reduce
chromatic abberation are projected to increase the curreamt deamsity by two
orders of magnitude and decrease the beam size by a factor of 3.17) 1n
& addition, the present throughput limitation of focused ion beams may be
overcome for repetitive structures by the use of multiple beamlets deflected

! synch:oiously. Such operation has already been deuonstrgted.(ls)

g

The finely focused ion beam ias opened & broad and exciting field of

research. The first fruits of research in this field are beginning to be .

- .

harvested by the integrated circuits industry in the development of photomask

repair machinery. Others are still ripening.

John Melngailis
Massachusetts Institute of Technology
Cambridge, MA 02139
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Liquid metal ion source operating inm a test fizxture., (Photo

. from Ion Beam Technologies Inc.) Blue light is emitted from the
area near the tip of the needle, which is the source of ions. The -
.drop of liquid gallium is held by surface tension between the U-

shaped heater ribbon and the shank of the needle. The shank of the
needle is 0,27 mm in diameter.
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Schematic of a focused ion beam system. (from Hughes Research
Laboratories)
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Fig. 3

A photography of the 200 XV focused ion beam system (ref. 5) bduilt
by The Iastitute of Physical and Chemical Reseazch in Saitama, Osaka
University, and JEOL. The laxge upright cylinder contains the
colunn and source the sample stage is at the base of the columa and
the pumping systea is in the square cabimet oa which the column
Tests,
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Shows the creation of s short circuit between two conducting filams
sepazated by sn insulator. Ref. 11,

s) Schematic of the process im cross section. A square pit is first
milled through top metal layes, through the inmsulator, snd part way
into the second metal layer. Thea a smaller square pit is milled
copcentric with the first one and the sputtered off metal redeposits
on the sidewalls, )

®) Scanning ion micrograph after the process has been cazried onut.
Squaze at left shows fizst step discrided ia a) milled for purposes
of compazison and oa the right is the completed short. The slightly
bowed in side walls are produced by the redeposition. This
coanection had s gzesistance of 0.4 8. The pit measures 3 ym x § pm,
Coaneotions have slso been made with pits of dimeasions below 1 pm.
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