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ABSTRACT

The development of the capability focusing many species of ions to beam

diameters well below 0.1 ;im has led to many applications, from the repair of

photomasks and integrated circuits to the fabrication of quantum effect devices.

The work reported here has concentrated on ion induced deposition. This novel

method of film growth combines patterning and deposition in a single step. It is

used in repair processes to locally add material, and it may also be useful in

making conductors and contacts in-situ, for example, on Ill-V compounds which

cannot be exposed to the ambient between MBE growth steps. In ion induced

deposition a local gas ambient of, for example, an organometallic, is created where

the ion beam is incident. A film grows where the beam is scanned.

We have demonstrated, characterized, and developed focused ion beam

induced deposition of gold and platinum. Features down to 0.1 Jim line width

have been written as well as, thick (- 1 tim) features with steep sidewalls. The

microstructure of the gold and platinum deposits has been studied by transmission

electron microscopy (TEM). The Pt deposits were found to be amorphous while

the gold growth begins as islands an becomes columnar. Measurements were

made of the dependence of growth rate on average ion current, ion energy, ion

species, and precursor gas pressure and a macroscopic and microscopic model of

the process developed. The atomic mechanism of the process appears to consist of

an excitation of the substrate by the collision cascade produced by the incoming ion

which decomposes the adsorbed gas molecules in the excited area. We have

successfully made circuit repairs by depositing jumpers between two existing

conductors on an integrated circuit, and have made gold contacts directly on bare

GaAs substrates. For the case of platinum we have measured the deposition rate

as a function of angle of incidence. The results of this work have been described in

eight published papers two of which were invited review papers.
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I. INTRODUCTION

Activity in the field of focused ion beam microfabrication has increased

steadily over the past decade. A recent bibliography shows a total of 1100

entries.(1 ) Numerous potential and already demonstrated applications are

possible due to the fact that beams of many ion species can be focused to

dimensions below 0.1 pm and that the ion-surface interaction is multifaceted.

Energetic ions (the relevant range in this field has been 1-300 keV) incident

on a surface will: a) sputter off material, b) implant the substrate, c) produce

local damage or heating d) cause chemical reactions on the surface or in the

bulk, and e) induce secondary electron emission. The ability to affect material

in these many ways at dimensions used in microfabrication is clearly of

interest.

The applications can be grouped into two categories each served by a

somewhat different machines. Our program of research at MIT spans both

categories, although this report concentrates on research done with the lower

energy machine.

A. Higher Energy Columns with Mass Separation

Implantation and lithography are demanding applications and require

columns at higher energies, with a choice of ion species, and with

sophisticated, precision pattern writing. Such columns are available up to 150

kV accelerating potentials, with alloy liquid metal sources, and ExB mass

separation in the column. Numerous ion species can be obtained including

the main dopants of Si and GaAs. (e.g., B, As, Si, Be or Zn). Since some

species are doubly ionized, incident ion energies on the sample up to 300 keV

are available.(2)
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This higher energy is often needed for implantation and for

lithography in thick resist. Be++ ions at 300 keV could expose resist up to 1.2

pm thick. The advantage of ion lithography vs. e-beam is the absence of

proximity effect i.e. the ions expose resist in a well defined volume

surrounding the point of entry. For example, we have made x-ray masks

with 50 nm features by exposing 0.3 pM thick PMMA with 280 keV Be++ ions.

(Ref. 3)

Implantation with focused ion beams can be carried out without the

use of mask and resist. In addition, one has point to point control of the dose.

Thus, for example, one can make devices with lateral gradients of doping, or

with implantation dose varied from device to device. For example, we have

exploited this to make tunable Gunn diodes(4), unique high performance

MOSFET's in silicon(5), and CCD's with a gradient of doping in the channels

which increases the docking frequency by 16 fold.(6)

B. Lower Energy Columns without Mass Separation

These columns usualy operate in the range of 15-60 keV with Ga ions.

Beam diameters down to 0.05 pm are attainable with current densities in the

beam spot of 4A/cm2. The main commercial applications of these columns,

namely, photomask repair and integrated circuit restructuring, diagnostics

and repair, exploit sputtering and ion induced surface chemical reaction.

Detection of the secondary electrons is used for imaging much like in a

scanning electron microscope. Unwanted material such as an opaque defect

on a photomask or an erratic electrical connection in an integrated circuit are

simply milled off. Missing material such as a clear defect on a mask or a

broken or omitted electrical connection is added with submicron resolution

using ion induced deposition.

-4-
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Fig. 1 Schematic of focused ion beam induced process.
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Fig. 2 Schematic of focused ion beam induced deposition apparatus
showing a differentially pumped ion column. A gas feed creates a
local gas ambient in the area scanned by the focused ion beam.
When low vapor pressure materials are used as the gas source, such
as W(CO)6, the entire gas feed system may need to be heated.



Table 1. Ion Induced Deposition of Conducting Films

Gas Ion, Energy "Yield" Deposit Resistivity
(Reference) (atomsfion) Composition ( Lcmn)

WF6 Ar+ 750 eV 5 W:O:C 350
(1) 90:5:5 (Bulk W = 4.6)

WF6 Ar+ 500 eV W:F:C 15
(2) 93.3:4.4:2.3

W(CO)6 Gat 25 keV 2 W:C:Ga:O 150 -225

(3) 75:10:10:5

W(CO)6 Ga/In/Sn 16 keV W:C:O 100
(4) 50:40:10
(400C)

C7H7F6O2Au Ga+ 40 KeV 3-8 Au:C:Ga 500-1500
(5) (room T) 50:35:15 (Bulk Au =2.44)

C7H7F6O2Au Ga+ 40 KeV 3 Au:C:Ga 3-10
(6) atl120 0C 80:10:10

C9H17Pt Ga+ 35 KeY 0.2-30 Pt:C:Ga:O 70-700
(7) 45:24:28:3 (Bulk Pt =10.4)

24:55:19:2

(1) H.Lezec, MIT (unpublished).
(2) Z. Xu T. Kosugi, K. Gamo, and S. Namba, J. Vac. Sci. Technol.

B7 1959 (1989).
(3) D.K. Stewart, L.A. Stem, and J.C. Morgan, SPIE (1989).
(4) Y. Madokoro, T. Obnishi, and T. Ishitani, Riken Conf., Mar. 1989.
(5) P.G. Blauner, 1.S. Ro, Y. Butt, and J. Melngailis, J. Vac. Sci. Technol.

B7, 609 (1989).
(6) P.G. Blauner, Y. Butt, J.S. Ro, C.V. Thompson, and J. Meingailis,

J. Vac. Sci. Technol. R7, 1816 (1989).
(7) T. Tao, J. Melngailis, Z. Xue, and H.D. Kaesz, ELPB 1990 and to be published

J. Vac. Sci. Technol. (1990).



In this process a local ambient of a precursor gas, for example, an

organometallic, is produced where the ion beam is scanned in a desired

pattern. Adsorbed molecules are broken up by the incident ion beam (see Fig.

1 and Fig. 2) leading to deposition with submicrometer resolution.(7, 8) (Ref. 7

& 8 included as Appendix I and II).

This process is similar to laser induced deposition which can also be

used for repair and circuit modification. The ion beam process, however, has

the advantage that the beam diameter can be much smaller. For example, in

ion lithography lines down to 15 nm width have been exposed in PMMA.

(Ref. 9) So far 0.1 um wide lines have been written by focused ion beam

induced deposition(1O) (Ref. 10 is Appendix V).

Electron beams have also been used to induce deposition(11 , 12) and in

principle are also capable of very fine dimensions. A practical drawback is

that the same tool cannot be used for both material addition and material

removal as conveniently, i.e. electrons do not sputter.

Since the first report of focused ion beam induced deposition(13),

numerous materials have been deposited. A list of the more recent results is

given in Table I. In some cases broad ion beams have also been used to study

the phenomena, since at an atomic level the diameter of the beam is not an

issue. One of the main problems of the deposited films has been their low

purity and consequently high resistivity. Since the precursor gases in many

cases contain carbon and oxygen as constituents, the deposited films often

contain these elements as impurities. (As will be discussed below we have, in

some cases been able to overcome this.)
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C Future Applications of Ion Induced Deposition

One of the challenging applications of focused ion beam induced

deposition is x-ray mask repair. In x-ray masks the absorber must be of high Z

material and must be of high aspect ratio. Deposition over existing topology

will also be needed. Minimum linewidth being considered for production is

0.25 um and feature height is between 0.3 and 1 iRm depending on the energy

of the x-rays used.( 14) Since the masks are expected to have many millions of

features, the probability of a few defects is high. Thus some repair process is

needed. Focused ion beam induced deposition provides one of the most

likely candidates for the rebuilding of missing absorber. As will be discussed

below we have obtained some promising results, but much more work is still

needed.

Another challenge is in the repair of integrated circuits, usually in the

prototyping phase. In order to remake a missing connection in a circuit a

good conductor is desirable. Many of the earlier attempts to deposit for

example, Al and W led to very impure materials essentially, insulators, with

high concentrations of carbon and oxygen.(1 5) This is partly due to the

reactivity of those metals. Recently, as will be discussed below, low resistivity

gold and platinum have been obtained.

The availability of good conductors opens the possibility of combining

ion induced deposition with projection ion lithography.(16) In ion projection

lithography line widths down to 0.15 pm have been demonstrated with fields

of 3 x 3 mm. Noble gas ions, such as He, have been used. The current density

is of order 10-3 A/cm 2. This if a yield of 10 atoms deposited per ion is

assumed, a 0.1 gm thick film would be formed in 10 sec. This, in principle,

would be an entire patterned film of conductors with 0.15 gm minimum

linewidth over several millimeter size areas.
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Perhaps the most exciting application of focused ion beam induced

deposition is in the area of in-situ fabrication of contacts and conductors,

particularly when combined with other vacuum processing such as MBE.

There the ability to deposit metal in a fine submicron pattern without

exposing the sample to the ambient will open the door to ne-, device

possibilities. The challenge is to deposit pure, low resistivity metal with

submicron resolution and to avoid or mitigate the effects of ion implantation

or ion damage to the substrate.

IL WORK PERFORMED

Focused ion beam induced deposition promises to be an important

microfabrication technique. Our group's contributions to this field include:

the first ion induced deposition of gold, the smallest reported linewidth, the

lowest reported resistivity, macroscopic and microscopic models of the

process, the first deposition of platinum, measurement of deposition yield as

a function of angle of incidence, and the first actual circuit restructuring

through a passivation layer. We have also made contacts to GaAs using ion

induced deposition. Most of these results have been presented in detail in

published papers which are included as appendices to this report. The

highlights of the results will be described below.

A. Microstructure of Gold

In our first demonstration of the deposition of gold from dimethylgold

hexafluoroacetylacetanate (C7H7O2F6Au) Auger analysis showed that the film

contained substantial percentages of carbon.(17) Its resistivity was measured

to be at least 200 times higher than bulk gold. This led us to investigate the

microstructure of the films grown by ion induced deposition.

-7-



1000

18)

SI02

Fig. 3 Transmission electron micrographs of gold films grown by ion-
induced deposition at two substrate temperatures: (a) Room
temperature, nominal thickness 60 nm, 70 keV Ar+ ions at
0.7 gA/cm2, total dose lxl016/cm 2. Film is seen to be made up of
unconnected gold islands. This discontinuous columnar structure
was observed by cross sectional TEM to persist even to 250 nm
thicknesses. (b) 1600C, otherwise same conditions, thickness
100 nm. Film is seen to be continuous and has the microstructure
typical of conventionally evaporated films. (c) Cr-s sectional
TEM of a 250 nm thick film grown under the same conditions as
(a) above. A columnar structure is seen to form.



The microstructure was investigated by transmission electron

microscopy (TEM). To examine the early stages of growth the gold was

deposited on a thin (- 0.1 pm) membrane of SiO2 /SiN created by back-etching

part of a Si wafer which has this membrane material grown on it. An Ar ion

beam at 70 keV was used. The result was surprising. The film was found to

grow as islands of gold in a carbon matrix. See Fig. 3. E-beam evaporated gold

films of comparable thickness (60 nm) appear continuous and composed of

polycrystalline grains. Thicker films were examined by TEM in cross section

by very challenging potting and thinning techniques. Sample results are

shown in Fig. 3. The island structure seen in the early stages of growth is

found to become a columnar structure. 1 8) (Included as Appendix II). This is

of intrinsic scientific interest and also of practical importance. The

disconnected structure explains the high resistivity of the deposited films and

points to possible diminution of x-ray opacity of the structures when they are

used for x-ray mask repair.

We have also verified that the same kind of structures are produced

when the gold films are deposited using a focused Ga ion beam.(19) (See

Appendix IV). In addition with the Ga ions the average current density could

be varied and we found that the island structure became coarser as the current

was increased i.e. the average island size was 10 to 20 nm at 14gA/cm 2 and

increased to 50 to 70 nm at 217 gA/cm 2. Reducing the local gas pressure at the

point of deposition (by raising the tube in Fig. 1.) also increased the island

size.(19) (See Appendix IV.)

Perhaps the most interesting result of these microstructure studies was

that raising the temperature of the substrate to 1000 C or above yielded

continuous polycrystalline gold films with greatly reduced carbon content and

with a resistivity which approached the bulk value.(18) (Appendix III) this
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Fig. 4 The vertical growth rate of a gold film vs the average current density
at a precursor gas pressure of 10 mTorr. The solid line merely serves
to correct the points.



was first verified with the 70 keV Ar+ ions, and later with Ga + ions as will be

discussed below. The effect of raising the temperature is presumably to speed

up the desorption of the carbon containing reaction products.

B. Macroscopic Models

Even in our earliest experiments we observed that the deposition yield

decreased and became negative (i.e., sputtering resulted) if the focused ion

beam was scanned too slowly.(1 7) A too high instantaneous flux of ions

depletes the adsorbed gas film. The deposition rate of the gold film was,

therefore, measured as a function of gas pressure and average current density,

and a simple model of the process was fitted to the data.1 0) (See Appendix V)

To vary the gas flux to the surface in a controlled fashion the local pressure

on the surface as a function of tube height was calibrated using a stagnation

tube. Deposition experiments were then carried out at various tube heights

and current densities. If one is interested in the total vertical growth rate of a

film, then there is an optimum average current density of about 200 gA/cm2.

(See Fig. 4) A higher current density depletes the gas and enhances sputtering

while for low current densities the growth rate is just proportional to the

current density. In all of these experiments the focused ion beam was

scanned over a given area fast enough so that beam transient effects played no

role, i.e. the growth rate was independent of scan rate. The various values of

average current density were obtained by adjusting the ion current and the

scanned area.

C. Microscopic Models

The atomic mechanism by which an incident, energetic ion

decomposes a number of adsorbed molecules has not been hitherto

-9-



understood. Direct ion-molecule impact cannot explain the high yields

(sometimes of order 100) produced in monolayer adsorbates. The area over

which an incoming ion decomposes the adsorbate can be of order 10 nm in

diameter.

The first step in pinning down the atomic mechanism is to determine

how the yield scales with ion energy and ion mass. We have measured the

yield of gold deposited from dimethylgold hexafluoro acetylacetonate for

noble gas ions from 2 kV to 10 kV and for 30 to 100 kV. For the lower range

the deposition was carried on a special ion beam apparatus at IBM Research at

Yorktown using a quartz crystal microbalance to measure in-situ both

adsorbate film thickness vs pressure and gold film thickness deposited. (This

work was performed by MIT graduate student A.D. Dubner who completed

his Ph.D. thesis in July 1990, and was supported by IBM. It is included here to

complete the picture).

One of the useful results of this work was the observation that at room

temperature the adsorbate covers the surface with a monolayer over most of

the pressure range of interest. Thicker films can be adsorbed by going to lower

temperatures (say 10oC) and higher pressure (over 10 mtorr).(20) To make

interpretation easier all measurements were taken in the monolayer regime.

The deposition occurs as a result of competition between the material

addition by dissociation of the adsorbate and the sputtering of the gold film by

the incoming ions. The net yield is directly measured, and the sputter yield is

measured by turning off the adsorbate gas supply and noting the material

removal rate. The sum of the net yield and the sputter yield is the total

dissociaton yield, which is the quantity of interest in the microscopic

modeling. The total yield increases with increasing mass and increasing ion

energy.(21, 22) It correlates much better with the nuclear stopping power than

-10-
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Fig. 5(a) A plot of the measured total decomposition yield vs. the calculated
yield. The measurements were carried out at 250C and 0.1 millitorr
of C7H70 2F6 Au gas. The calculations were done with the collision
cascade model. For each species of ion the different data points are
for different energies: 2,5,9.5 and 10 kV. The dashed line is a least
squares fit to the data forced through the origin. From Ref. 22.
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Fig. 5(b) A plot of the measured total decomposition yield vs the measured
sputtering yield. The data points, in order of increasing yield, are for
50 keV Ne, 70 keV Ar, 45 keV Kr, 100 keV Kr, and 100 keV Xe. The
fact that decomposition yield correlates with sputter yield indicates
that the atomic collision cascade model which has been fitted to the
low energy results will also fit to the high energy results, since the
model is successful in predicting sputter yields. More data has
recently been obtained and will be fitted to the collision cascade
model.



with the electronic stopping power. A collision cascade model based on the

Monte-Carlo simulation of ion penetration in the solid appears to fit the data

well. In this model an ion penetrates the solid scattering atoms which in turn

scatter other atoms. Some of these atoms reach the surface. Dissociation

occurs when surface atoms have enough energy (0.95eV in this case) to break

up the adsorbed molecules. (Sputtering, by the way, occurs if the gold surface

atoms acquire enough energy to break all bonds and leave the solid. This

takes about 3.8eV for gold.

The yield for the different ions species and energies used was calculated

and compared to the measured total yield. The result is shown in Fig. 5(a).

This covers the low energy range done on the special apparatus at IBM. The

fit is seen to be quite good lending credence to this model of the atomic

process.

The results at the higher energy range obtained at MIT are shown in

Fig. 5(b). The same model will be fitted to these results as well as more recent

results but this work is not yet complete.

D. Minimum dimensions and low resistivity

As the dimensions of microfabricated structures shrink the interest in

any processes that can deposit material at 0.1 I±M and below increases. In

particular ion induced deposition is challenged by x-ray lithography mask

repair where there is a need to deposit 0.25 gm dimension structures with

0.025 jm dimensional control. Similarly integrated circuit restructuring and

repair will demand smaller dimensions. Our focused ion beam used for these

experiments was able to achieve a beam diameter of about 60 nm, limited

mainly by vibration. The narrowest line we were able to write with this beam

was 0.1 pzm, as shown in Fig. 6. By scanning the beam repeatedly over a
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Fig* 6 SEM of deposited Au line

shown in perspective (top) and
in cross section (bottom). This
line was written using a 50-pA
40-keV Ga+ beam focused to
<O.1pm diameter. The line is 25
pm long and was written in 30 s.
The feature in the foreground of
the cross section is an artifact of
the beam not being blanked at
the end of a line.

-.I

IAI

I PM 1/4 p

1.5Ji

Fig. 7 Scanning electron micrographys of high aspect ratio deposits on
the left (a) in perspective and (b) in cross section a line 100 PLm
long 0.75 pm high a rapidly scanned 20 pA 40 KV Ga ion beam was
used. On the right a 3.4x3.4 pm deposit 1 pm thick, a structure of
interest to x-ray mask repair.
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Fig. 8 Resistivity of gold film grown by ion induced deposition vs.
temperature of substrate during growth. The resistivity of bulk
gold is 2..44 pflcm. On the right hand axis the atomic % of gold is
shown. The film at I000C had a composition of 80% Au, 10% C,
10% Ga.



7. (See Ref. 10, Appendix V). As also shown in Fig. 7, the best high aspect

ratio single line we have written was 0.3 Im wide and 0.75 pum high.(2 3)

(Appendix VI). Such high aspect ratio features are needed for x-ray

lithography mask repair. All of these depositions were carried out at room

temperature, and the "gold" films contained from 30 to 50% carbon. Their

resistivities were typically over 100 p.~cm.

Prompted by the observation that the gold films deposited using Ar

ions at temperatures above 1000C had higher purity and lower resistance, we

constructed a heated stage for our focused ion beam machine, and deposited

gold films at substrate temperatures from 250C to 1350C. These films were

deposited across conducing fingers connected to probe pads and their

resistivity was measured. The results are shown in Fig. 8. (See also Ref. 23,

Appendix VI). The resistivity is seen to fall rapidly as a function of substrate

temperature during deposition. The gold content is also seen to rise. The

abrupt and large drop in resistivity is not merely due to increase in film

purity but, we believe, largely due to a change in the crystal structure as

observed previously (Ref. 17, Appendix I). At 120-125oC the resistivity is

found to be about 5.5 + 3p fcm; i.e. within experimental error of the bulk gold

value. This is the lowest resistivity reported by focused ion beam induced

deposition by at least a factor of 20.

E. Platinum deposition

Focused ion beam induced deposition of plantinum has several

attractions. Platinum is a slightly better x-ray absorber than gold or tungsten.

It is preferred for integrated circuit repair because it is not a fast diffusing

containment of silicon like gold is. We have achieved the first focused ion

beam induced platinum deposition using (Methylcyclopentadienyl)-

-12-



CIRCUIT REWIRING BY FOCUSED ION Fig. 9 (Top left) Schematic of
BEAM INDUCED DEPOSITION circuit repair or restructuring.

Two parallel conductors shown in
top sketch in cross section need to
be connected electrically. Vias are

CROSS first milled with the focused ion
SECTON OF beam by scanning small rectanglesTOCONDUCTORS

COVERED BY over the passivation until the
OIDE. metal is exposed. (Middle)

Imaging in the scanning ion
microscope mode can be used for
end point detection since the
secondary electron yield of the

FOCUED ON metal is usually higher than that
VIAS. of the passivating oxide. Finally

(Bottom) a metal connector is
made by focused ion beam induced
deposition. (Bottom) SEM of a
"jumper" of deposited Pt
connecting two adjacent

OS ION conductors, (done as shown
BEAM DEPOSITED schematically on the left). On the
CONNECTOR. right is a closeup of one of the via

milled and filled through the
passivation.
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Fig. 10 Measurement of focused ion beam deposition yield as a function of
incidence angle. The results were obtained by depositing over a
pyrex fiber 3 pm in diameter as shown schematically (on the top).
The yield is found to increase as the angle of incidence approaches
900. Incidentally the sputtering yield similarly increases as grazing
incidence is approached.



Platinumtrimethyl (Ref. 24, Appendix VII). This is a recent result, and the

line width obtained so far was 0.3 pm. The beam diameter was not

optimized, and this value is not expected to be a fundamental limit. The

platinum, as in the case of room temperature deposited gold, was found by

Auger analysis to contain high percentages of carbon. TEM examination quite

surprisingly showed these films to be amorphous.

The platinum deposits were found to have resistivities as low as

70 tMcm in spite of the high carbon content. And were used in actual

integrated circuit repair. (Ref. 25, Appendix VIII) In addition filling of

previously ion milled grooves and vias was found to occur more rapidly than

growth on a flat surface, i.e. the yield (atoms deposited per incident ion) was

found to be over 30 inside a 0.65 pm deep, 0.4 I wide groove vs 5 on a flat

surface. In addition we have made actual circuit repairs by milling vias and

depositing plantinum "jumpers". See Fig. 9.

In many of the repair processes the deposition is not on a flat surface.

This is particularly true in x-ray mask prepair. Thus to make our observation

of increased deposition yield in vias more quantitative we measured the

deposition yield as a function of the angle of incidence. This was done simply

by depositing plantinum over a small glass fiber. The arrangement and the

results are shown in Fig. 10. (Ref. 25, Appendix VIII).

F. Contacts to GaAs

One of the potentially most fruitful applications of focused ion beams

is to in-situ processing. Numerous novel devices can be envisaged if

patterning, e.g. by focused ion beam, and material growth, e.g. MBE, are

combined in a single vacuum chamber. Such apparatus was assembled at the

Optoelectronics Joint Research Laboratory largely for implantation and MBE

-13-
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Fig. 11 (Top) INV characteristics of a gold contact 15 x 15 pm deposited at
10 keV with GO~ ions. (Bottom) INV characteristics of a gold probe
pressed to the bare GaAs sample adjacent to the deposited contact, for
comparison.
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overgrowth,(26) and now at Fujitsu.(27) A low energy focused ion beam

system combined with MBE has ben used at ATT Bell Laboratories to etch IlI-

V compounds in-situ and then overgrow with MBE.(28) If focused ion beam

induced deposition were combined with MBE, in-situ contacts or other

conductor structures may be made. To test this possibility we have deposited

some contact on GaAs. (not in-situ)

In the first experiments Ar ions were used at 50 and 100 keV with the

sample held at 100oC. As discussed above this yields relatively pure gold with

low resistivity. Patches 2 mm in diameter were deposited. Ohmic contacts

were made to the back side of the sample. The patches showed poor diode

characteristics with the 50 keV result being somewhat better, i.e. the reverse

I-V characteristic rolls off so that at -1.5v the current is 500 pA. Next gold

patches 15 x 15 jm were deposited with a Ga ion beam at 40 and 10kV with

and without pre-etching. (Pre-etching implies bombarding the surface with

Ga+ ions for cleaning purposes before the C7H70 2F6 Au gas is introduced).

The pre-etched patches showed somewhat poorer characteristics than those

that were not, and the 10kV patches showed better characteristics Fig. 11

shows the 10kV I-V characteristics, as well as for comparison the characteristic

of the bare GaAs surface being contacted by the probe. Somewhat encouraged

by these results we also deposited submicrometer gate electrodes between

existing source and drain contacts to form MESFETs. Unfortunately, in this

case the desired diode characteristics were not observed, and the deposited

contacts (gate to source or gate to drain) were almost ohmic so no transistor

action could be observed.

All of the contact work was carried out in collaboration with Chang-Lee

Chen and Len Mahoney of Lincoln Laboratory.

-14-



Given that these initial experiments did not yield altogether positive

results we devoted more of our efforts to the successful projects described

above.

The problem with making contacts to flI-V's using focused ion beam

induced deposition appears to be the unwanted implantation of the substrate

as the film begins to grow. Once the film has attained a significant thickness

it will, of course, shield the substrate. This is consistent with the fact that our

results were better for lower energy ion beams, and with no ion pre-etching of

the substrate.

If we were to revisit the contacts to Ell-V's, two courses of action might

be fruitful. Beam voltages below 1000 V have been achieved with special ion

columns and might be used to make rectifying (Schottky) contacts.

Alternatively if the ion species were chosen to be a desirable dopant of the

substrate, then good ohmic contacts may be formed, provided that the

refractory metal is used and the substrate can be annealed. In fact, pre-

implantation is sometimes used in the making of ohmic contacts.

IMI. CONCLUSIONS

The results of our work in the area of ion induced deposition of gold

and platinum have been described. The future applications of this work will

be to the repair of x-ray masks, to the restructuring and repair of integrated

circuits, and possibly to the making of contacts or submicrometer conductors

in-situ. Our main contributions to the state-of-the-art are: the first ion

induced deposition of Au and Pt, TEM observation of the microstructure and

discovery of how it could be improved, 0.1 Wim wide features deposited,

deposition of conductors to modify an integrated circuit, and the

measurement of yield as a function of angle of incidence. This work is of

-15-



interest to the scientific community and has resulted in the principal

investigator being invited to give 4 talks at international symposia, 8

seminars at various research laboratories, as well as a half-day course. The

various oral conference presentations based on the work are listed in

Appendix DC.

Carrying out the work on this contact has dearly been a rewarding

experience for the participants and we are most grateful for the support.

-16-
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App. I

FOCUSED ION BEAM INDUCED DEPOSITION

JOHN MELNGATLIS AND PATRICIA G. BLAUNER
Research Laboratory of Electronics, M.LT., 77 Massachusetts Avenue,

Cambridge, MA 02139
ABSTRACT

Focused ion beam induced deposition is already in use commercially
for the repair of clear defects in photomasks, where missing absorber is added.
Research is being carried out to extend this technique to the repair of x-ray
lithography masks and to the restructuring and repair of integrated circuits,
particularly in the prototype phase. In this technique a local gas ambient is
created, for example, by aiming a small nozzle at the surface. The gas
molecules are thought to adsorb on the surface and to be broken up by the
scanned focused ion beam. A deposit is formed with linewidth equal to the
beam diameter which can be below 0.1 jWn. At small beam diameters and low
currents (50-100 pA) the time to deposit I tIm 3 is in the vicinity of 10-20 sec. If
the gas is a hydrocarbon, the deposit is largely carbon, which is useful for
photomask repair. On the other hand, if the gas is a metal halide or a metal
organic, the deposit is metallic. The deposits have substantial concentrations
of impurities due to the atoms in the organometallic, to the ion species used,
or to the ambient in the vacuum chamber. Thus the resistivities of the
"metal" films deposited typically range from 150 to 1000 pn=n which is
usable for some repairs. (Pure metals have resistivities in the range 2.5 to 12
gacm.) We have deposited gold from dimethyl gold hexafluoro acetyl-
ace.onate and have achieved linewidths down to 0.1 gim, patches of I Jim
thickness with steep side walls and in some cases, resistivities approaching
the bulk value. Other workers have reported deposits of Al, W, Ta, and Cr.
We will review previous work in the field and present some of our own
current results.

ITRODUCTION

The patterning of thin films is a key step in the fabrication of almost all

microelectronic devices. In conventional processing, conductors, for

example, are created by (1) depositing a thin film of metal using evaporation
or sputtering, (2) covering the surface with radiation sensitive polymer, (3)
patterning the polymer using incident radiation (lithography), and then (4)

removing the metal from the areas not covered by the polymer. This
multistep process treats the entire sample the same, i.e. the remaining film is

the same thickness everywhere but patterned into, perhaps, millions of

features.

In some cases, such as pattern repair, device customization, or in-situ
fabrication, a beam writing process may be desired. Such a process combines

deposition and patterning into a single step but is necessarily slower since the
writing is done serially, point-by-point Photon beams (usually lasers),

906e published Mat. Res. Soc. Symp. Proc. VoL 147 (1989) (Proceedings of Spring

Meeting San Diego Apr. 1989 Symposium on Ion Beam Proc. of Adv. Elec. Mat.)



electron beams, and ion beams have been used. An appropriate gas ambient,

often a metal organic or a metal halide, is created over the sample and a
chemical reaction is produced at the point where the beam is incident. By far

the most widely studied of these processes is laser deposition,(Q) which has

been demonstrated for local wiring of integrated circuits.(2 ) Ablation is used
in conjunction with the deposition to cut conductors or to make via holes in
insulating layers.(2 ) These processes are generally limited to dimensions well

above I pm.
Electron beams and ion beams, on the other hand, can operate in the

submicrometer regime and thus are of interest for repair processes as
dimensions of microelectronic devices shrink. With electron beams a
number of materials have been deposited with submicrometer dimensions
including. Cr(3)(4), W(4 )(5), Au(M), and Fe(6 ). Tungsten deposition by e-

beams has been proposed for x-ray mask repair.(7 ) The removal of material
by e-beam in a controlled fashion is more difficult although stimulated
etching of Si with XeF2 at 0.5 Im dimensions has been reported.(8 )

This paper will focus on ion induced, deposition. This is of particular

interest because focused ion beam systems have recently been developed.
(For a review of the subject see Ref. 36.) These ion beams operate with a
bright liquid metal (usually Ga) ion source and usually produce beams

focused to a spot below 0.1 pm at energies in the 20-70 keV range. Ion beams
can be used to induce deposition at submicrometer dimensions. In addition,
when no gas ambient is present, the same beams can remove material by

sputtering with control of dimensions down to 0.1 pm. The focused ion

beam can also be used for imaging when secondary electrons (sometimes also
ions) are collected. This works very much like a scanning electron micro-
scove, except that the surface is eroded. By frame storage techniques this

erosion can be kept to about a monolayer.
The combination of deposition, milling and imaging has been

exploited commercially in focused ion beam repair of photomasks.(9 "15 ) See

Fig. 1. This is likely to be the preferred technique over laser repair as
dimensions shrink below I m (Ref. 16). Similarly focused ion beams are

also expected to play a role in microelectronic circuit repair or restructuring as

dimensions shrink. Cutting of conductors has already been used, as well as
voltage contrast imaging (see Ref. 17 and 18 for a review of this field and

references to the literature). Recently two metal lines have been joined by
milling through the passivation layers and depositing a tungsten connection
from one line to another. (22) W(CO)6 gas was used, and the deposited



material had a resistivity of 30 to 50 times higher than pure bulk W. The
resistance of the connection was nevertheless acceptably low.

Another application which is motivating research on focused ion beam
induced deposition is x-ray lithography mask repair. For X-ray lithography,
the masks used have the same dimensions as the final samples. Demagnifi-
cation which is sometimes used in optical lithography is not available. Thus
x-ray masks for the next generation of devices will have minimum features
in the range of 0.25 to 0.3 pm and metal absorber thickness of 0.3 to 0.7 Pm,
depending on the x-ray wavelength used. The repair of such high-aspect ratio
features of small dimensions presents special challenges. In milling off
unwanted features redeposition effects have to be considered( 19 ) and in the

deposition of absorber, sidewall steepness and material density are important
issues. (20)

In this paper we will discuss ion induced deposition, review the results
obtained so far, speculate on the mechanism of the process, and consider the
applications.

50 kV
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Fig. 1: Schematic of the photomask Fig. I Schematic of the focused ion-beam-
repair process. The absorbing film induced-deposition apparatus. The inset
deposited is shown to be carbon, but shows the details of the gas feed. The ion
a metal could equally well be used. beam is scanned over the area of the sur-

face where the flux of gas is incident.



ION INDUCED DEP~rO

a) Apparatus
As discussed above, what is of current technological interest is focused

ion beam induced deposition. The apparatus used commercially usually
consists of a focused ion beam column which is differentially pumped and a
gas feed system which points a fine nozzle at the sample surface where the
ion beam is incident(10 15) In some cases the "gas" is a solid at room
temperature e.g. Cr(CO)6 (Ref. 21), or W(CO)6 (Ref. 22). Then all of the gas

feed system has to be heated. The apparatus used at MIT which does not
include a heated feed system is shown schematically in Fig. 2 (Refs. 23 & 24).
The gas pressure on the sample is a function of nozzle height above the
sample. The pressure on the substrate at the point where the ion beam
writing is carried out was measured as a function of nozzle height by
replacing the sample with a "stagnation tube" as shown in Fig. 3. Using these
results as calibration one can perform deposition experiments at various gas
pressures by simply varying the tube height above the sample.

12

1 0ig. 3: The pressure as a function of
(C 0A.) nozzle height above the sample

8g .. (measured for dimethyl gold
_ ihexafluoro acetylacetonate (DMG

(hfac)). A I mm diameter hole is in
Mano etr the sample and is connected to a

4 * capacitance manometer which reads
I the pressure. From Ref. 24.
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Another scheme for creating a local gas ambient consists of enclosing
the sample in a box (as shown in Fig. 4) which has a hole in it through which
the ion beam enters. Except in cases where the sample is close to the hole,
this arrangement provides a measurable, uniform pressure on the sample.
This scheme was used in the earliest experiments.(2 5,26)



ton Bum

SAii

MCUUM Mt _ Fig. 4: For some studies of ion induced

deposition the sample is enclosed in a
cavity where a uniform gas pressure is
maintained and into which the gas
enters through a small hole.

In order to study the fundamental process by which an ion beam causes
adsorbed gas molecules to break apart, a broad ion beam such as from an
implanter can be more convenient than a focused beam. Large area deposits
can be formed, noble gas ions can be used, and the mass and energy can be
varied easily.(25 ,2 7 ,28 ,3 0) The results should be directly comparable to
focused ion beam induced deposition in those cases where the focused beam
is scanned rapidly enough so that the deposition rate is independent of scan
rate.(29 ) This is generally the region in which one would wish to operate
with a focused ion beam since at slow scan speeds the deposition rate drops

because the supply of adsorbed molecules is depleted.(2 4,2 9)
The ion induced deposition process can be affected by the temperature

of the sample. Accordingly, heated and cooled stages have been used.(2 8 ,3 0)
In addition, in-situ measurement of adsorption rates and deposition rates can
be readily obtained by using a quartz crystal microbalance as the "sample"
(Ref. 31,32).

b) Films deposited
Ion induced deposition has been demonstrated with a number of metal

halides and metal organic gases, as well as with hydrocarbons. In many
instances, high concentrations of impurities are observed in the film in
addition to the desired metal. There are three main sources of impurities:
the parent molecule, e.g. films made from metal organics usually contain
carbon; the inddent ion, if Ga is used it will, of necessity, be implanted in the
film; and the ambient, if the vacuum level is 10-6 torr then a monolayer can

form in about I sec, partly oxidizing a reactive metal film during growth.



Under ideal conditions, namely, a metal halide gas, an ultrahigh vacuum
chamber, and the incident ion of the same species as the metal to be deposited
or perhaps a noble gas ion, high purity metal films should be achievable.
Depositions under such conditions have as yet not been reported. The results
reported so far have been summarized in Tables 1 and 2.

Most films are seen to contain high concentrations of impurities and to
have resistivities much higher than bulk metal values. The exceptions are

the gold depositions carried out on samples at elevated temperatures (100-
1600 C) using dimethyl gold hexafluoro acetylacetonate, (C7H7O2F6Au),

abbreviated as DMG(hfac), and the tungsten deposits formed in well pumped

vacuum systems. For the gold films, the higher temperature presumably
permits the hydrocarbon products of the dissociated DMG(hfac) to desorb
before they are in turn broken up by the incident ions.(3 0,3 3 )

The gold films deposited at room temperature using an Ar ion beam
have carbon concentrations of 30-50%. Transmission electron microscope
studies of these films indicate that initially the gold grows in unconnected

islands of about 40-60 nm size.(3 0) Since the electron diffraction pattern of
this film is that of pure gold, the carbon must be between the islands. Cross-

sectional TEM indicates that, as these films thicken, a columnar structure
results.(30 ) The film deposited at elevated temperatures on the other hand

shows the continuous polycrystalline structure expected for e-beam

evaporated films (see Fig. 5). Films deposited at room temperature with a Ga
focused ion beam have similar island structure when examined by TEM.(2 4 )

loon= Fig. 5: Transmission electron
micrographs of gold films grown by
ion-induced deposition at two
substrate temperatures: (a) Room
temperature, nominal thickness
60 nm, 70 keV Ar+ ions at 0.7 pA/cm2 ,
total dose 1X10 1 6 /cm2. The film is
seen to be made up of unconnected
gold islands. This discontinuous
columnar structure was observed by

& cross sectional TEM to persist even to
,.00 L 250 nm thicknesses. (b) 1600C,

otherwise same conditions, thickness
100 nm. The film is seen to be
continuous and has the
microstructure typical of
conventionally evaporated films

a- (from Ref. 30).



Table 1. Ion Induced Deposition

Gas Ion, Energy Current "Yield" Deposit Resistivity
(Reference) Density (atoms/ Composition (j±~cm)

(A/cm2) ion)

AI(CH3)3 Ar+ 50 keV 13 Al:0:C
(1) 14:70:16

59:39:2

Ta(0C2H5)5 Ar+ 50 keV 27 Ta:0:C
(2) 56:27:17

WVF6(RT) Ar+ 50 keV 31 W:O
(2) 75:25

WF6 (80K) Ar+ 50 keY 3800 high oxygen
(2) content

WF6 Ar+ 750 eV 4 x 10-4 5 W:O:C 350

(3) 90:5:5 (Bulk = 4.6)

WF6 Ar+ 500 eV I x 10-6 W:F:C 10

(7) 93.3:4.4:2.3 (Bulk = 4.6)

W(CO)6 Ga+ 25 keV 2 W:C:Ga:O 150 -225

(4) 75:10:10:5

W(CO)6 Ga/InSn 16 keV W:C:O 100
(8) 50:40:10

(400 C)

Cr(CO)6 Au+ 50 keY 0.7 Cr:C:Au:O
(5) 40:40:16:4

Styrene Ga+ 20 keV 0.5 3.6 C:0
(6) 65:30

(1) K. Gaxno et al., Japan J. Appl. Phys. 2a (1984) L293.
(2) K Gazno et al., Microelectronic Engineering 1, 163 (1986).
(3) H. Lezec, MIT (unpublished).
(4) D.K Stewart, L.A. Stem, and J.C. Morgan, SPIE (1989).
(5) W.P. Robinson, SPIE (1989).
(6) L.R. Harriott and J. Vasile, JVST B, 1037 (1988).
(7) Z. Xu, K. Gamo and S.Naniba, Riken Conf., Mar. 1989.
(8) Y. Madokoro, T. Ohnishi, and T. Ishitani, Riken Conf., Mar. 1989.
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c) Mechanism
A model for the deposition process has been formulated in terms of the

adsorbate coverage and the ion and gas fluxes(2 4,3 1,34 ) which is similar to the
model proposed for electron beam induced deposition.(5 ) Such a model
would be useful for predicting how a given deposition system could be
optimized. However, as yet the fit with experimental data is uncertain and
optimum conditions can best be determined by measurement. For example,
in gold deposition consider the case where the focused ion beam is scanned
fast enough to avoid any transient, local adsorbate depleticn effects. Then the
rate of film growth will increase with average current density until the
average adsorbate density becomes depleted. At that point the deposition rate
falls rapidly and in fact would become negative as milling takes over
(Fig. 6). These results indicate that, for a given focused ion beam current and
gas flux, there is a minimum area which can be continuously scanned to

achieve maximum growth rate and scanning a smaller area will lead to a
reduced rate and, eventually, milling. Thus for a 100 pA beam a 7 .Im x 7 I.n
area can be scanned, but for smaller areas the beam would need to be blanked
off for part of the time.

IS

Au Film Growth Rate as a.
Function of Scanned Fig. 6: The deposition rate

.i Current Density as a function of average
current density (Ref. 24).
The pressure of the DMG
(hfac) gas is constant at
10 mtorr.

0000

J(uAcm)

As more data becomes available the type of models discussed up to
now(24 ,31 ,3 4) can no doubt be refined to describe ion induced deposition.
However, the underlying mechanism responsible for coupling the energy of
the scanning ion to the molecules adsorbed on the surface remains
unexplained. The quartz crystal microbalance experiments permit the density



of adsorbed molecules to be measured and at the same time also the

deposition yield (number of atoms deposited per incident ion). The cross

section is then estimated to be 2 x 10,3 n 2 for 5 keV Ar ions. (31) This means

that on the average all molecules are decomposed within a 2.5 nm radius of

the point of impact. At 5 keV the yield at pressures of -5 mtorr is about 4
atoms/ion while for 70 keV Ar ions(30) the yield is 60. The density of

adsorbed molecules was not measured in the 70 keV experiment, but since

the dependence of density on pressure is very slow in the range of 1-20 mtorr,

the coverage is likely to be similar. Thus the cross section is about a factor of

15 higher, and we can say that the incoming ion decomposes the molecules

within a 10 run radius.

How does a molecule sitting on the surface 10 run from the point of

ion impact receive enough energy to break apart? Three mechanisms can be

imagined: electromagnetic radiation, electronic excitation, and atomic

motion e.g. collision cascades or lattice vibrations. The fact that heavier ions

under the same conditions have a significantly higher yield tends to favor the

atomic motion, since lighter ions would be expected to produce more

electronic or electromagnetic excitation. The limited data available(2 8 ) for the
deposition from WF 6 is summarized in Table 3, and compared to the energy

loss mechanisms for the incident ion. Clearly neither electronic energy loss

rate of the incident ion nor the loss rate to substrate nuclei correlates perfectly

with the yield. For what it is worth, we note that the square root of the total

loss rate correlates reasonably well with the yield. More data is very much

needed for yield as a function of ion mass and ion energy to shed light on the

mechanism.

The scanning tunneling microscope may be a useful tool for observing

the size and shape of deposited material due to individual ions. In fact, the

reverse process, craters created by incident ion sputtering, has been observed

by scanning tunneling microscopy.(3 7 ) For 8 keV Kr ions incident on a PbS

(001) surface the area surrounding the point of incidence over which atoms

are displaced from equilibrium is seen to be 3 to 5 run in diameter.(37 )

A1pplications

a) Photomask repair.
In the case of photomask repair most of the systems designed use

carbon deposition to replace missing absorber material,(9-1 5 ) although Cr is

also used.(2 1) One preferred carbon source that has been reported is
styrene(3 5) (Table D. The deposition time can be estimated from Table 4.



Clearly to deposit large areas with high resolution will take considerable time,

but then most repairs are not expected to exceed a few square micrometers.

b) X-ray lithography mask repair.
The repair of clear defects (missing absorber) in x-ray masks will require

high aspect ratio structures to be deposited. If the x-ray wavelength is in the
range of 0.9 to 1.4 nm, then the absorber, say gold or tungsten, has to be about

0.3 to 0.5 lm thick. Thus minimum circuit features of 0.3 pLm will lead to
aspect ratios in excess of 1:1. In addition, the features will need to have nearly

vertical side walls. Fig. 7 shows a photo of a 3.4 x 3.4 Im patch of gold 1 i
thick with almost vertical side walls. Since the gold contains a substantial

percentage of carbon, the x-ray transmission is no doubt increased. In practice,

this can be compensated for by increasing film thickness. Such patches are
now being evaluated on x-ray masks at the Fraunhofer Institute in Berlin.

Tungsten patches produced by ion induced deposition have also shown x-ray
opadty.(20)

,- °

Fig. 7: SEM of a 3.4 x 3.4 m deposit
shown in perspective (top) and in
profile (bottom). This feature was
written at a deposition rate of 11 A/s.
The height (-1 pm) and high aspect
ratio of the edges of this deposit are of
particular interest for application in
x-ray lithographic mask repair. Ref. 23.

c) Circuit =~ar.

For restructuring or repair of the conductors on integrated circuits the
deposited film must be conducting. In many cases short distances are covered

and the deposited film can be thick so that resistivities up to 100 times higher
than the bulk metal value may still be acceptable. In addition the contact
resistance between the existing metal and the deposited metal must be low.
Low resistance "jumpers" of W deposited using W(CO)6 have been used to



Table 3. Mechanisms of Ion Induced Deposition

(Film deposited from WF6 at 20 mtorr, Ions 50 keV 1 PA/cm2

by Gamo et al. ref. 28)

Rate of Rate of
Energy Energy
Loss to Loss to Ion

Electrons Nuclei Range Range
Deposition (b) (b) in W Straggle
Ion Yield (a) keV/plm keV/jlm Rp (pm) Rp (lm)

He 5.9 225 15 .110 .090

Ar 14.1 770 690 .015 .014

Xe 27.9 830 2900 .008 .005

Notes on table:

a) Calculated from data of K. Gamo et al. Microcircuit Engineering j 163 (1986)
assuming pure tungsten is deposited.

b) Calculated using the TRL 14 program, original developed by J.P. Biersack and
J.F. Ziegler, see for example, Ion Implantation Technigues Eds. H. Ryssel and
H. Glawischnig, Springer-Verlag, (1982), p. 122.

Table 4. Time to deposit 1 p.m3

(or 5 x 1010 atoms)

Beam Current Beam diameter Yield Time
(nA) (assuming 4A/cm2 ) (atoms/ion) (sec)

0.1 0.06 3 28

0.1 0.06 10 8.3

1.0 0.18 3 2.8

1.0 0.18 10 0.83



connect adjacent metal lines.(22 ) No evidence of contact resistance was

reported.
We have deposited gold films with linewidths down to 0.1 ;Lm (see

Fig. 8). In some experiments thin lines were deposited across 4 fingers of Al,

nichrome, or Au. By comparing 4 point and 2 point measurements we found

that the contact resistance was negliable (24,33) As shown in Table 2, we have

succeeded in depositing gold films with resistivity nearly equal to the bulk

metal value. This should make repair of integrated circuits more convenient

in that thinner films can be used.

Fig 8: SEM of deposited line. This line
was written by repeatedly and
continuously scanning of 50 pA ion
beam over 25 j.Lm at 300 cn/s for 30 s.

0.1 j.Ln

In any repair process the ability of the focused ion beam to image the

area to be altered is critical as well as the ability to mill out via holes through

the passivation layer and to cut conductors where needed.

In-situ deposition of contacts on IH-V's, for example, is another

potential area of application, particularly if lower energy ions can be used.

CONCLUSIONS:

Focused ion beam induced deposition is a novel process which is as yet

not understood in detail. A number of metals have been deposited with

submicrometer control of dimensions and some of the deposition parameters

have been studied. The field is motivated by applications in photomask

repair, x-ray mask repair and by circuit restructuring and repair.
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FOCUSED ION BEAM INDUCED DEPOSITION
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Abstract

Ion induced deposition is a process of film growth where incident ions
cause absorbed gas molecules to break up, leaving some constituents on the
substrate. For example, gold can be deposited from a local rTorr ambient of the
organometallic C7H7O2F6Au. Using focused ion beams, patterned deposits
down to 0.1 am dimensions can be grown. This technique is used commerically in
microfabrication for local repair of photomasks and circuits It is being
developed also for x-ray lithography mask repair. In these repair processes
ion induced deposition complements material removal by ion milling. Models of
the ion induced deposition are being developed both to describe the deposition
rate as a function of the controlled parameters and to describe the microscopic
mechanism of energy transfer from the incident ion to the adsorbed molecule. In
the latter case a collision cascade model is found to fit the measured data.

INTRODUCTION

Patterned thin films are the building blocks of microelectronic devices. Whether
the film is an oxide or a metal, the patterning is usually achieved using a resist. This
radiation sensitive polymer is spun on a wafer exposed in a fine pattern, most often by
ultraviolet light, and the exposed (or unexposed) resist is removed leaving the surface
partly covered and partly uncovered. The film is removed in the uncovered part by either
plasma or wet chemical etching. The result is that the film on the entire wafer is
patterned in one step. This is a very efficient process and is universally used in integrated
circuit fabrication.

*Now at IBM Research Center Yorktown Heights, NY.

"Now at Teknor Apex

To be published in the Proceedings of Second International Symposium on
Process Physics and Modeling in Semiccnluctor Technology (held as part
of the Electrochemical Society Meeting in Montreal May 6-11, 1990)
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In some circumstances a more flexible process may be desirable. One may, for
example, wish to modify locally some part of a circuit to repair a defect or to alter the
operation during a prototyping phase. A beam induced process fulfills that need. Lasers,
electron beams and ion beams"1 ) have been used to locally break down gases and leave a
deposit on the surface patterned according to a programmed beam scan. This is a simple
flexible process since the deposition and patterning are combined in 2ne step. Of course, it
is also a slow, point-by-point deposition process.

Considerable work has been done on laser depositionand this technique has been

applied to circuit modification and repair. (See for example Ref. 3). Control of this
process however, is not in the submicrometer range. Electron beam induced patterning (4 "s

is capable of submicrometer control, but material removal with the e-beam is not
straightforward. An etching gas needs to be used (9) and the process is likely to be
selective.

In this review paper we will confine ourselves to focused ion beam induced deposition.
(See Fig. 1) It appears to have some promising applications. Submicrometer patterns have
been written down to 0.1 pm, (Ref. 10) and material removal at 0.1 pm dimensions also

appears to be feasible. (10 ) The material removal is accomplished simply by turning off the
gas ambient and sputtering the film with the focused ion beam. This flexibility of focused ion
beams is being exploited commercially for photomask repair. (See Ref. 1 for citations of
literature). Circuit restructuring and repair have also been reported, including deposition (1 1)

(12) (23) (25) of conductors. (See Fig. 2) X-ray lithography mask repair is another very current
application. The challenge here is the deposition and removal of material with a high
aspect ratio. (See Fig. 3)

ICN COLUMN

-PUMP Fig. I Schematic of focused ion beam

CHAMBER induced deposition apparatus showing a

GAS FEEDdifferentially pumped ion column. A gas
GAS Ffeed creates a local gas ambient in the

area scanned by the focused ion beam.
When low vapor pressure materials are
used as the gas source, such as W(CO)6,

SI .the entire gas feed system may need to be

PUMP heated.

PUMP
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CROSS Fig. 2 Schematic of circuit repair,-woC OFc-r or restructuring. Two parallel

co0 By conductors shown in top sketch in
cross section need to be connected

W'ICUCMRS electrically. Vias are first milled
with the focused ion beam by

scanning small rectangles over the

BEA ME passivation until the metal is exposed.
VIAS. (Middle). Imaging in the scanning ion

microscope mode can be used for end
point detection since thesecondary
electron yield of the metal is usually
higher than that of the passivating

FOCUSED ION oxide. Finally (bottom) a metal
eCAM oEoSITED connector is made by focused ion beam
CONNECTOR. induced deposition.

/E Fig. 3 Schematic of a small portion
Iof an x-ray mask showing 4 parallel

metal lines with two defects. The
/ / missing absorber with a high aspect

ratio needs to be replaced by the focused
UNWANTED ion beam deposition, and the unwanted

MCSS;NG ABS ERBER absorber needs to be milled off.CROSS ABSORBER/

SECTION

0.5to / A

-i j-25 ,m
X-RAY MASK REPAR

In this review we will briefly discuss results obtained in ion induced deposition. More
detail can be found in an earlier review (ref. 1) and in the literature. Modelling of the
process will be examined both from a macroscopic point of view, namely, prediction of
deposition rates, and from a microscopic point of view, namely, the mechanism of adsorbed
molecule breakup by the incident ion.
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RESULTS REPORTED

Numerous precursor gases have been used in ion induced deposition including AI(CH3)3
(ref. 13), Ta(OC2H5)5 (ref. 14), Cr(CO)6 (ref. 15), and various hydrocarbons.(16) In the case
of the metal containing precursors the deposited films in the earlier experiments generally
contained large concentrations of impurities such as carbon and oxygen and no resistivity
values were reported. In the case of the gold deposition from dimethyl gold
hexafluroacelylacetonate (C7H7F6O2Au), resistivity values 500 iflcm and higher were
observed. (17) Since then a number of the films have been grown and resistivity values
reported as summarized in Table 1.

Table 1. Ion Induced Deposition of Conducting Films

Gas Ion, Energy "YIE Deposit Resistivity
==efe-e) (atomstion) Composition (jf'cm)

WF6 Ar+ 750 eV 5 W:O:C 350

(1) 90.5:5 (Bulk W - 4.6)

WF6 Ar+ 500 eV W:F:C 15
(2) 93.3:4.4:2.3

W(CO)6 Gae 25 key 2 W:C:Ga.0 150 - 225
(3) 75:10:10:5

W(CO)6  Ga/In/Sn 16 keV W:C:O 100
(4) 50:40.10
(400C)

C7H7F602Au Ga4 40 KeV 3-8 AtuC:Ga 500-1500
(5) (mOM 7) 50:35:15 (Bulk Au 2.44)

C7H7F602Au Ga+ 40 KeV 3 Au:C:Ga 3-10
(6) at 1200C 80:.10.10

CgH17Pt Ga4 35 KeV 0.2-30 Pt:C:Ga:O 70-700
(7) 45:24:28:3 (Bulk Pt - 10.4)

24:55:19:2

(1) H.L ezec. MIT (unpublished).
(2) Z. Xu T. Kosugi, K. Gamo, and S. Namba, J. Vac. Sci. Technol. 1 1959 (1989).
(3) D.X. Stewart, LA. Stern, and J.C. Morgan, SPIE (1989).
(4) Y. Madokr, T. Ohnishi, and T. Ishitani, Riken Conf., Mar. 1989.
(5) P.G. Blauner, J.S. Ro, Y. Butt, and J. Melngailis, J. Vac. Sci. Technol.B, 609 (1989).
(6) P.G. Blauner, Y. Bun, J.S. Ro, C.V. Thompson, and J. Melngailis,

J. Vac. Sci. TechnoL D. 1816 (1989).
(7) T. Tao, J. Melngailis, Z. Xue, and H.D. Kaesz, EIPB 1990 and to be published

J. Vac. Sci. TechnoL (1990).

-4-



Generally the films that are grown from organometallic gas or hydrocarbons contain
carbon. The decomposition of the molecules is not selective, and the incident ion not only
dissociates the metal atom from the molecule but also may decompose the hydrocarbon
reaction products. Thus, as seen in Table I, many of the films contain large percentages of
carbon. In addition, the incident ions are imbedded in the growing film. Thus films grown
using Ga ions will contain Ga. If the yield (number of atoms deposited per incident ion) is
high, then the percentage of Ga will be low.

One may, therefore, imagine that the lowest resistivity films should be grown from
metal halides since they contain no carbon. This has indeed been observed in deposition of
tungsten from WF6 using low energy Ar ions in an ultrahigh vacuum environment. 1 8)

However, attempts to repeat this with a Ga ion focused ion beam have so far proven to be
unsuccessfuL 9 )

On the other hand the deposition of gold from dimethylgold hexafluoro
acetylacetonate onto a substrate at elevated temperatures (e.g. 120 0C) yielded films which
had resistivities about two orders of magnitude lower than those deposited at room
temperature(20) (21) which typically contained 50% carbon. When examined by TEM these
films showed a polycrystaline gold structure typical of evaporated films while the films
deposited at room temperature had a columnar, discontinuous structure consisting of gold
islands in a matrix of carbon.(20)

The carbon content of the focused ion beam deposited films is important in
applications to circuit repair where low resistivity films are desired. However, even at
a few hundred iflcm, films are still usable in most cases since the resistivity is
comparable to polysilicon. The carbon content is also undesirable for x-ray lithography
mask repair. For example, "gold" films containing 50% carbon need to be twice as thick as
pure gold films to have the same x-ray opacity.(2y)

The problems of purity notwithstanding some remarkable and useful structures
have been fabricated by focused ion beam induced deposition: 0.1PM wide gold lines,(1 0)

ultrahigh aspect ratio gold walls, 0.15 ;am wide 5 pm high,(22) see (Fig. 4), high aspect
ratio tungsten structures,M1 ) integrated circuit repair jumpers (as shown schematically in
Fig. 2 and on an IC in Fig. 5) in tungsten(12) and in platinum. -3)

For practical applications the deposition rate is a key parameter. The yields for
most materials are in the 1 to 10 atoms/ion range although values of up to 100 have been
reported.( 22) The time needed to deposit one lan 3 of material, taken to be 5x10I 0 atoms, is
shown in Table II for various conditions. To lowest order, the beam current density is
constant. Thus if higher resolution (small beam diameter) is desired then the beam
current has to be reduced. The beam current is proportional to the square of the beam
diameter. These circumstances are reflected in Table 11. To achieve the optimum
deposition rate the ion beam generally has to be scanned rapidly over reasonable areas so
as not to deplete the precursor gas. 0 ) (17) (24)
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Fig. 4 From Ref. 22. Scanning
electron mnicrographs, of a high
aspect ratio gold deposit
consisting of a woall 0.15 AM
thick 5 Lmhighand 14 pm

Ilong. A 10keV Ga+ ion beam
of 0.1 p~m diameter was used
withdimethyl gold
hexafluoro acetylacetonate
as the precursor gas.

.... ~ Fig. 5 (Below) From Ref. 12.
~ :a - ~ A tungsten jumper deposited to

cnductors on an integrated
circuit.
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Table H Time to deposit I pzm3

(or 5x10 10 atoms)

Beam Current Beam Diameter Yield Time
(A) (assuming 4A/crm2) (atoms/ion) (sec)

(;Lm)

0.1 0.06 3 28

0.1 0.06 10 8.3

0.1 0.06 100 0.83

1.0 0.18 3 2.8

1.0 0.18 10 0.83

1.0 0.18 100 0.083

In both the repair of x-ray masks and integrated circuits focused ion beam induced
deposition may not always take place on a planar surface. Just as ion milling (sputtering)
is known to increase as the angle of incidence departs from normal, the ion induced
deposition yield is also found to I-,tcrease as the angle of incidence moves from normal
toward grazing incidence. This has been demonstrated by depositing on a small glass
fiber (2 ) and by noting that the deposition yield increases inside of a previously ion
milled trench. (19) Se Fig. 6.

20.

FIB
SCAN aE

"PYREX ROD --1 I|
0 2 0 40 s 0 .100

Ion Incident Angle (degree)

Fig. 6 From Ref. 23. Measurement of focused ion beam deposition yield as a
function of incidence angle. The results were obtained by depositing over a
pyrex fiber 3 pm in diameter as shown schematically (on the left). The yield is
found to increase as the angle of incidence approaches 900. Incidentally the
sputtering yield similarly increases as grazing incidence is approached.

-7-



The body of experience in ion induced deposition is etensive enough to permit some
practical repair processes to be carried out, and, in addition, to permit both macroscopic
and microscopic models to be considered.

MACROSCOPIC MODELS

The growth of a film by ion induced deposition results from a competition between
material addition resulting from the dissociation of adsorbed molecules and material
removal by sputtering. Numerous observations support the view that the reaction occurs
on the surface and not in the gas phase above the surface. The net deposition yield (net
number of atoms added to the surface per ion) is the difference between the total
deposition yield (expressed as No where N is molecular coverage of the surface,
molecules/crn2 , and a is the cross section for dissociation (crm2 )) and the sputter yield
(atoms removed from the surface per ion).(I0) (27)

YD = No -YS (I)

If the deposited film is made up of several constituents, for example gold and carbon, the
situation can be more complex.(10) However, the general description of the deposition
process (Eq. 1) has been verified in detail(27) as shown in Fig. 7 for 5 kV Ar ions and for 40
keV Ca+ ions(10).

T,
12 -

0

>. -4I.

0 2.4 6

DMG(hfac) Adsorbed (X10 131CM2)

Fig. 7 From Ref. 27. A plot of the yield vs. surface coverage by the precursor
gas, dimethyl gold hexafluoro acetylacetonate, abbreviated DMG Whac).
These results were obtained using 5 keV Ar+ ions (broad beam) by depositing on
a quartz crystal microbalance. The rnicrobalance was also used to measure the
surface coverage by the precursor. The linear relationship verifies Eq. I. The
slope is the cross section a = 2x1O)-13 am for this case, and the negative intercept
is the sputter yield Y - 4.
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An expression relating the rate of change of the molecular coverage N to the gas
flux on the surface 0, the sticking coefficient g and the average partide current flux cJ>
has been used to model electron beam induced deposition (6) (26)

dt N 0 1t (2)

where No is the molecular density on the surface for monolayer coverage is the mean
lifetime of a molecule on the surface, and a is the dissociation cross section. Eq. 2 implies
that monolayer coverage is the maximum possible coverage. This has been found to be the
case for dimethyl gold hexafluro acetylacetonate at room temperature. 27 ) This
treatment was extended to ion induced deposition by including the effects of sputtering.

(ref. 10) If we calculate the steady state coverage by solving for N when d 0, and

insert the result in Eq. 1, we get.00)  dt

YD= NO" Y5.

I + o + ONo0 (J)

O go (3)

To simplify the expression one can assume that g I 1 and TO >> No then

YD= No y
+ oN<J>

0 (4)

The milling yield Ys is evaluated by measuring the removal rate of the deposited

material with no gas present, 0 a 0. This expression, Eq. 4, was fitted to measurements of

YD vs. pressure (in effect 0 ) and YD vs. <J> by treating No a as an adjustable parameter.
With Noa = 15.6 the fit was good (within ± 20% in YD except at pressure below 2 mTorr).
Except for the case of Al deposition(28) where somewhat different assumptions were
made, no other attempts to quantitatively model the macroscopic features of ion induced
deposition have been published.

Equation 4 accounts for some of the qualitative observations. For example, in
focused ion beam induced deposition the average current density <J> can be quite high -
IA/cm2 if the beam is kept stationary. (<J> is defined as the average current density and
is usually low due to the fact that the beam is scanned rapidly over a given area). Thus
in Eq. 4 if <J> is high the first term can be smaller than Ys and YD is negative, i.e.
material is removed. This has been observed by a number of workers.0 7) (24) A sample
result is shown in Fig. 8 where a stationary focused ion beam is defocused by various
amounts to vary <J>. Since <J> is highest at the center, cratered structures are produced
with milling in the center, and deposition at larger radii where the current density is
lower.(24)
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Fig. 8 From Ref. 24. SEM of gold deposits made with a stationary beam which is
defocused to give different peak current densities. The current densties are from left to
right 0.014,0.077, and 0.001A/crn2. At the higher current density the precursor gas is
depleted and sputtering rather than deposition takes place (see Fig. 7) in the center of
the beam and deposition takes place only at the periphery of the beam where the current
density is lower.

Overall, even though attempts to describe ion-induced deposition yields as a
function of the external control parameters with detailed mathematical models have
had only partial success in a few cases, qualitative understanding has been developed
from the numerous studies and in many instances the desired practical results can be
achieved.

MICROSCOPIC MODELS

A better understanding of the microscopic mechanism by which an incident ion
decomposes molecules adsorbed on the surface is likely to be helpful in the development
of the macroscopic model From the measurements of dissociation yield, Na, mentioned
above and from the measurements of surface coverage, (ref. 27), we can deduce that the
cross section a = 5.2x0 "23 an2, i.e. that molecules are dissociated in an area of 80A
diameter for 40 keV Ga ions.(I0) Thus direct impact between the incident Ion and the
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One early model for ion-solid interaction is the thermal spike. 2 ) The energy
which the incident ion deposits in the substrate is represented by means of a delta
function in temperature at the point of entry. In time this delta function spreads. (Fig. 9
top left) Thus an area surrounding the point of entry sees a decaying temperature
distribution. Sputtering has been modelled as evaporation produced by this high
temperature but the results are not entirely satisfactory.Cs ) This concept may be applied
to ion induced deposition by calculating the number of adsorbate molecules
dissociated.30) (31) (32) Without actually calculating the heat flow we can judge
whether the order of magnitude of the thermal spike is reasonable. If we assume that all
of the energy of the ion is dissipated in a cyclinder of 100A diameter and a length equal to
the ion range, then the temperature rise of such a volume is expected to be 36ODC for He

ions and 50000C for Xe ions for an incident energy of 50 keV. Extensive data has been
obtained for the deposition and sputter yields of gold with noble gas ions (He to Xe) in
the energy range of 2-10keV (31) and in the range of 50-100keV (ref. 20 and 34). The total
decomposition yield was found to increase with increasing ion mass and increasing ion
energy and to be approximately proportional to the nuclear stopping power. In the lower
energy range, analysis of the data has already been carried out. By calculating the heat
flow around the point of ion incidence (see Fig. 9) and taking a dissociation energy of 0.95
eV(31) for the dimethylgold hexafluoro acetylacetonate molecule values for the total
decomposition yield were obtained. The agreemnt with the measurements is
qualitatively reasonable for the heavier ions (Ar, Kr, Xe) but the calculations predict too
low a yield for the light ions. (Ne, He) Ref. 31 and 32.

An alternate model based on a Monte Carlo calculation of the ion and scattered
substrate atom collision cascades was found to give a considerably better fit to the
data(31). The simulation program used is called TRIM-TC (Ref. 33). This model treats
the ion-solid, interaction more realistically. The incident ion is scattered and displaces
lattice atoms, some with sufficient energy to in turn displace other atoms producing so
called, collision cascades. Some of the collision cascades "double back" and result in
surface atoms acquiring excess energy. Se 'g. 9. If this energy is high enough to remove
the atom (the surface binding energy is 3.b. gV in the case of gold) sputtering occurs. If
this energy is above 0.95 eV, then dissociation of the adsorbate is assumed to occur. This
TRIM-TC, Monte Carlo based model of sputtering is quite successful in fitting sputter yield
data(31) The fit to the deposition yield for gold is very good(31) (32) which lends support
to this miaoscopic model of the ion induced deposition over the simple thermal spike
model.

The thermal spike model can be thought of as "averaging" over all of the collision
cascade events to describe them as a rise in temperature. Since the decomposition is an
activated process, it is very non-linear in energy and temperature. (of the form exp (-
E/kT)). Thus "averaging" over the collision cascades may not be valid particularly for
the lower mass and energy. This may explain why the thermal spike calculations
predict much lower yields for He and Ne than are observed.

-11-
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Fig. 9 (On the left) A schematic of the thermal spike model. The incident ion creates a
momentary region of high temperature surrounding the point of entry causing adsorbed
molecules to dissociate. The surface temperature around the point of incidence is
modelled as a decaying Gaussian as shown at the top. (On the right) A schematic of the
collision cascade model. The incident ion (path represented by solid line) collides with
host lattice atoms displacing them through the lattice (dotted paths). These displaced
atoms collide in-turn with other lattice atoms. Some of these collision cascades reach the
surface causing sputtering, if enough energy is transfered, or causing dissociation of
adsorbed molecules, if the energy is above a lower threshold value.

SUMMARY

Focused ion beam induced deposition is proving to be a useful complement to ion
milling. It permits material addition in patterns of 0.1 Mpm minimum dimension and is
being used in circuit restructuring and in mask repair. The dependence of the deposition
rate on various parameters of the process has been measured and appears to follow
qualitatively the available models. The microscopic mechanism of energy transfer from
the ion to the adsorbate appears to require participation by the substrate. A model
which integrates over the surface excitations produced by the collision cascades fits the
observed dependence of deposition yield on ion mass and energy.

There are a number of unanswered questions about the chemisU of the reactions:
What are the reaction products? Why under some circumstances is the deposited film
purity higher, such as gold deposition at low pressure for 2-10keV ions and at elevated
temperatures for 40-6OkeV ions? Could the surface chemistry be favorably influenced by
addition of other gases besides the metal bearing precursor? Answers to these questions
may have important practical consequences.

-12-
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App. III
HICROSTRUCTURE OF GOLD FILMS GROWN BY ION INDUCED DEPOSITION

J.S. RO,* A.D. DUBNER,* C.V. THOMPSON,* J. HELNGAILIS**
*Materials Science & Engineering, H.I.T., 77 Massachusetts Avenue, Cambridge,

HA 02139
**Research Laboratory of Electronics, M.I.T., Cambridge, A 02139

ABSTRACT

A beam of ions incident on a substrate can cause adsorbed gas mole-
cules to break up, resulting in material deposition. We have previously
demonstrated deposition of gold from a gas of dimethyl gold hexafluoro
acetylacetonate (C7H7F602Au) using both focused and broad ion beams. Here we
investigate growth at various substrate temperatures and examine micro-
structure using transmission electron microscopy. Films grown at room
temperature were discontinuous even up to the thickness of 2501im while films
grown at higher substrate temperatures were continuous even at lower
thicknesses. Deposition carried out on substrates at 1000C and 160C using
70 kev Ar+ ions resulted in resistivities approaching the bulk value and a
deposition yield of 60 to 75 atoms/ion. The relationship between growth
conditions, micro-structure and resistivity will be discussed.

INTRODUCTION

Beam induced surface modification is of interest in fabrication of
microelectronic devices because lithography steps can be avoided. Usually an
appropriate local gas ambient is created over the sample. A chemical

reaction occurs where the beam is incident on the surface leading to deposi-
tion via decomposition of the gas. Lasers have been used to deposit metals
and other materials (1]. Recently electron beam induced deposition [2-7] and
ion beam induced deposition [8-14] have also been demonstrated. These
charged particle beams are of particular interest because they can be focused
to smaller spot diameters than lasers, e.g. below 100 m. In addition ion
beams can be used to remove material by ion milling if the gas ambient is
turned off. This has led to the development of special machines for
photomask repair where opaque defects (unwanted chrome) are repaired by
milling and clear defects (absence of chrome) are repaired by ion induced
deposition of carbon or metals [15-17]. Other potentially important applica-
tions of ion beam induced deposition are integrated circuit restructuring or
repair, x-ray lithography mask repair, and in-situ processing [18,19].

Ion beam induced deposition from gases such as Al(CH3)3 , WF6 and
Ta(0C2HS) 2 has resulted in films with high (approaching 50%) concentration of
impurities, such as carbon and/or oxygen [8-11] with no conductivity
reported. We have previously reported deposition of gold from dimethyl gold
hexafluoro acteylacetnate (C7H7F602Au) with low concentration of impurities
(less than 5%) but still with resistivities at least 200 times higher than
the bulk value (12]. This was true for focused ion beam induced deposition
or deposition from broad (implanter or ion miller) beams.

In the study reported here we used a broad ion beam to investigate the
mechanism of ion induced deposition and to reduce the impurity concentration
of the gold film and the resistivity.

EXPERIMENTAL

For the purposes of this work we have constructed a differentially
pumped chamber, 15 cm diameter and 25 cm long, shown in Fig. I which fits
into the end station of an ion implanter. The ion beam enters the chamber
through a 3 - diameter aperture and is incident on a sample. A capillary

MRS Symp. Proceedings (Fall 1987) Vol. 101. 0.15T (tls ii)



gas feed tube with 1.4 m inside " e p

± diameter located about 1 Ism above geswater celing
the sample produces a local I
ambient of the deposition gas.
By scaling previous results [121
we estimate the pressure on the

surface at the area of deposi- "Ml
tion to be 1-4 mtorr. A small len

2 cm diameter glass bottle was e -
sealed to stainless tubing 6 m
dia and held the liquid deposi-
tion gas which was degassed by
several pumping and freezing cycles.

The gas used is dimethyl
gold hexafluoro acetyl acetonate hOOw of Ce*Iery tube

(C7H7F602Au), abbreviated as DMG AcIrtu.- Proecion
(hfac) which melts at 50C [21] and i:..
has a vapor pressure 0.4 Torr (at 0 E KtJ
room temperature). (It was pur-
chased from American Cyanamid
Corp.) mi.tat

The sample stage consisted
of a resistively heated element
under a copper plate 2.5 m thick.
The sample was held on the copper Fig. 1 Schematic of apparatus for
plate using silver paint and vacuum ion beam induced deposition using
grease. The temperature of the implanter.
copper plate was monitored using a
thermocouple. Films were deposited on Si wafers with 100 nm of thermally
grown Si0 2. Substrate temperatures were varied between 250 C and 1600 C. 70
keV Ar+ ions were used, and the current density on the sample was varied from
0.7 to 7 VA/cm2 . The current was monitored by positioning a Faraday cup
under the bean in place of the sample.

The thicknesses of the deposited films were measured with a profilo-
meter; no smearing of the gold could be observed except for very thin films.
The resistivity was measured with a 4 point probe, and the chemical
composition was analyzed by Auger Electron Spectroscopy.

The film structure was analyzed using transmission electron microscopy
(TEN) both at normal incidence and in cross section. The samples were back
etched with HF/HN0 3 solution for the plane view, and dimpled and ion milled
for the cross-sectional view.

RESULTS AND DISCUSSION

As is shown in Fig. 2, we observed that the film thickness depends
linearly on the total ion does in agreement with our previous results [14].
If we assume the bulk density of gold, this dependence implies a yield of 30-
40 gold atoms per ion at room temperature. Since Dt'L- Eac) can thermally
decompose, the role of the ion beam heating of the sample must be addressed.
The thermal decomposition of DHG (hfac) has been demonstrated n both CVD and
laser CVD processes [22]. At a current density of 0.7 VA/cm2 (Fig. 2) a
temperature rise of less than IC was observed. However, when we increased
the current density to 7 tA/om2, we observed a temperature rise of the copper
plate of approximately 10C in 30 min.

The effect of beam heating on yield was investigated by changing the
current density over one order of magnitude while keeping the total dose
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Fig. 6 Transmission electron micrographs of gold films deposited at
various substrate temperatures:
a) room temperature b) 500 C
C) 1000 C d) 1600 C

Films deposited previously at room temperature have shown high
resistivity, and poor purity [13,14). The measured resistivity was about
10,000 Ugcm, and, according to Auger Electron Spectroscopy, the films have
the folloing range of atomic compositions: 50-65% Au and 50-35% C. In
addition to confirming these past results, in the current study we observed
the microstructure of the films using transmission electron microscopy.

We investigated the effect of substrate temperature on the yield,
resisitivity, and the microstructure of the films between 25* C and 160 ° C.
All other conditions were held constant (e.g., a current density of 0.7
uA/cm2, and a total dose of lxl016 ions/cm2). When the substrate temperature
was raised from room temperature to 50C, the yield decreased slightly as
shown in Fig. 4. The yield however, increased when the substrate temperature
was above 100°C. The measured resistivity of samples deposited at 1000 C
shows a sharp drop by about 4 orders of magnitude as shown in Fig. 5. In
fact, the films deposited at 1600 C show resistivities approaching those of
bulk gold.

Microstructure of the films as observed by TEM for the above deposi-
tion temperatures are shown in Fig. 6 for several substrate temperatures.
Below 50C, the microstructure of the films was discontinuous, however
discrete islands are beginning to coalesce. At 1000 C, the microstructure of
the films was almost fully continuous. At 160 ° C, the films were fully
continuous and had the well defined polycrystalline structure similar to
those of evaporated films [23]. These microstructural changes can account
for the observed drop in resistivity when the substrate temperature was



Fig. 7 Transmission electron micrograph of 0.24 um thick gold film in cross
section. This film was deposited with 50 key Si+ ions from the implanter.
Films deposited by Ar+ ions should be qualitatively similar.

raised above 1000C. The films deposited at room temperature were still
disconti~uous even at a thickness as high as 0.25pm as shown in Fig. 7. In
this micrograph it can be seen that while the film is dense, and at best
partially columnar, most gold islands are not in actual contact but are
separated by less dense material. We believe that carbon incorporation into
the films deposited at lower temperatures inhibits the coalescence of the
gold islands.

Some spontaneous decomposition of the DMG (hfac) was observed at the
higher substrate temperature in the form of deposits outside of the region
bombarded by the ion beam. However, a sharp boundary was always observed,
and the thickness of gold deposited at 1600C in the unbombarded region was
always less than 10% of the thickness in the bombarded region.

Another simple observation is that the thickness of the deposit in the
ion bombarded moon shaped region, schematically illustrated in the inset in
Fig. 1, varied as a function of position. The thickness was greatest near
the center directly below the mouth of the tube, and decreased gradually to
50% at the edge of the deposit. (For the results discussed above we always
used the thickness at the center). Since the flux of the reactants is
expected to decrease as a function of distance from the mouth of the tube,
this implies that the yield in our experiments is a function of the local
pressure of the DMG (hfac) molecules.

The detailed atomic mechanism of ion induced deposition is not well
understood at the present time. Possible rate limiting steps in this process

" .. are adsorption of molecules, decomposition of molecules, and desorption of
reaction products. Adsorption, decomposition, and desorption can all be
affected by the substate temperature. Both enhanced decomposition and
desorption may be responsible for our observation of higher purity in films
deposited at the higher temperatures. Decreasing adsorption of DHG (hfac)
should result in decreasing yield with increasing temperature as observed
between room temperature and 50°C (Fig. 4). However, the jump in yield at
the higher temperatures leads us to suspect a change in the adsorption
mechanism.



In summary, gold film deposited at elevated substrate temperatures
(> 100 C) have resistivities approaching bulk values and can be grown with a
fully continuous microstructure.
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THE MICROSTRUCTURE OF GOLD FILMS WRrTEN BY FOCUSED ION BEAM
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ABSTRACT

Focused ion beam induced deposition of gold microfeatures is accomplished by 40 keV

Ga+ bombardment of a substrate on which dimethyl gold hexafluoro acetylacetonate is continu-

ously adsorbed. Under optimum conditions, deposition rates exceeding 11 A/s have been achieved

as well as high aspect ratio features, linewidths of approximately 0.1 pm, and resistivities of 500-

1500 pa-cm. The microstructure, composition, and yield of the deposits have been examined as a

function of various process parameters. Improved film growth and purity are observed in deposits

made with lower organometallic pressures or higher current densities.

INTRODUCTION

Ion beam induced deposition uses ion bombardment to induce the growth of a film from a

precursor gas adsorbed on a substrate. Typically, a local high pressure region of the appropriate

gas is created using either a small pressure cell or nozzle. The ion beam then dissociates adsorbed

molecules, the undesired by-products ideally desorb from the surface and the film grows. In con-

trast to processes involving beam assisted deposition [1], no film growth occurs in the unbom-

barded region. By using a highly focused beam of ions, this process may be used for deposition

of submicron features. As such, it holds promise as a microelectronics repair or prototyping tool

where it can be combined with the focused beam's ability to mill material with submicron resolu-

tion.

Focused ion beam induced deposition was first demonstrated by Gamo et al. [2] and fol-

lowed earlier work on localized deposition using lasers [3]. Highly localized deposition using

electron [4-7], ion [2,8-11], and photon bombardment have now been demonstrated using a large

variety of precursor gases to produce films of W, Ta, Fe, Al, Au, Cr and carbon, to name a few.

The latter two materials have already found commercial application in the field of photolithographic

mask repair [12-15]. Future applications now being explored for focused ion beam induced

deposition include x-ray lithographic mask repair and integrated circuit restructuring [16]. Both of

these would exploit the focused ion beam's potential both to deposit and mill with sub-tenth micron

resolution.

With these applications in mind, we have concentrated our work on the deposition of Au,

since it is both a good x-ray absorber and a good conductor. The experimental results discussed

below concentrate on the parameterization of the deposition process, and in particular, the charac-

terization of the deposited films as a function of ion and organometallic molecular flux. These is-

sues are of particular relevance to focused ion beam work, whet he balance between these two

fluxes can be quite close. In extending the deposition process from one employing broad ion
beams with current densities of a few microamperes per square centimeter to one employing fo-

Preprint: Presented at Materials Research Society Meeting, Symp. B, Fall 1988 (Boston).



cused beams with current densities of amperes per square centimeter, challenging problems arise.

By systematically parameterizing the process, our aim has been to develop a more complete under-

standing of the basic mechanisms involved in ion beam induced deposition.

EXPERIMENTAL

Thin film and microfeature deposition

were accomplished using 40 keV Ga+ bom-

bardment of Si0 2 substrates (100 nm ther- PUMP-a* 50 kV

neally grown oxide on Si wafers) over which Capacian - Ion Column

dimethyl gold hexafluoro acetylacetonate va- nter

por was introduced (hereafter referred to asDMG(hfac). Details of the ultra high vacuum Pu

- ,-11W-Pump
focused ion beam apparatus and the gas de-

livery system are described elsewhere [17].

Summarizing, referring to figure 1, a gas de- (hfac)

livery tube creates a local pressure ambient of

DMG(hfac) over the substrate and the fo- Gs Feed
cused ion beam (diameter 70 - 100 nm and Ga-D

current 25 - 100 pA) is rapidly scanned in 0.8 mm ID

this area. The pressure of the organometallic 1 ac)

at the surface was measured using a stagna-

tion tube [17] and could be varied from <0.1

mTorr to 10 mTorr by adjusting the height of

the delivery tube over the surface. The 1. Schematic of the apparatus: Focused
beams from a differentially pumped ion col-

scanned or averaged beam current density umn were incident on targets in the work

(beam current divided by scanned area) could chamber (base pressure 5x10-8 Torr). Dur-
ing deposition, DMG(hfac) vapor was deliv-

be varied from 4 iLA/cm 2 to >1 A/cm 2  ered through a small tube suspended over the

(stationary beam) by adjusting the size of the substrate. This delivery apparatus was
mounted on an XYZ manipulator so that the

scanned area. In all cases scan speeds in ex- molecular flux could be controlled by varying

cess of 30 cm/s were used to avoid instanta- the height of the tube over the substrate.

neous depletion of the adsorbed gas coverage

[9, 17].

The compositions of deposits were analyzed by Auger electron spectroscopy. Film thick-

nesses were measured either by stylus profilometry or high angle scanning electron microscopy.

Resistivity was measured by depositing a line across a pre-evaporated metal pattern (4 point con-

tact). Film microstructure was evaluated using both high resolution scanning electron microscopy

and transmission electron microscopy. For TEM analysis, deposits were made directly onto

1000 A thick silicon nitride membranes.



RESULTS AND DISCUSSION
An example of a 1 pm high Au deposit is shown in figure 2. This 3.4 x 3.4 pm patch took

15 minutes to write using a 25 pA beam and a DMG(hfac) pressure of 10 mTorr, indicating a de-
position yieldt of 5.8 ± 0.6 atoms per incident ion and a deposition rate of 11 A/s. Its thickness

and high aspect ratio suggest the utility of this technique for x-ray mask repair. Auger analysis of

this film indicates a composition of approximately 50% Au, 35% C and 15% Ga, with no F or 0
detectable. Figure 3 shows 2 examples of lines written with submicron widths. They were writ-

ten with 50 pA, 70 nm diameter beams under conditions of various scanned current densities and
hence deposition efficiencies, as will be discussed below. The measured resistivity of lines such
as these, 500- 1500 g.L-cm, is comparable to that of polysilicon, indicating that they would be of
use in many circuit restructuring applications.

ii.
0.1 um 02m

(a) (b)
I I Fig. 3 SEM of deposited lines shown in perspective

1.5 l . (top) and in cross section (bottom). These lines were
written by repeatedly and continuously scanning a 50
pA ion beam over (a) 25 gm at 300 cm/s for 30 s

Fig. 2 SEM of a 3.4 x 3.4 gim de- (deposition yieldt < 1 atoms/ion) and (b) 90 gzn at
posit shown in perspective (top) and 180 cm/s for 2 min. (deposition yieldt -2.5). The
in profile (bottom). This feature was resistivity of lines such as (b) was measured to be
written at a deposition rate of 11 A/s. 500 - 1500 jt.G-cm. The larger width of the line in
The height (-1 jim) and high aspect (b) is believed to be due to drift in the ion beam per-
ratio of the edges of this deposit are pendicular to the scan direction. The feature in the
of particular interest for application in foreground of the cross section in (a) is an artifact of
x-ray lithographic mask repair. the beam not being blanked at the end of the line.

A critical sensitivity of the deposition efficiency to various process parameters was evident

in these experiments and led to a study of the process as a function of both ion and DMG(hfac)

flux [17]. We found that the deposition efficiency or yield (atoms/ion) increased to a limiting value

both with increasing DMG(hfac) flux and decreasing ion flux [see ref. 17 for details of these mea-

surements]. This is the expected behavior since under ion bombardment the steady-state coverage



of the adsorbate will increase with increasing molecular flux and decrease with increasing ion flux
and the data have been fit qualitatively to models of the deposition mechanism which account for

adsorption, beam induced adsorbate dissociation and sputtering of the growing film [17]. The lat-
ter phenomenon is of particular importance in this work since 40 keV Ga sputters with high effi-
ciency and, ff adsorbate coverage is sufficiently depleted, milling rather than the desired deposition
will result. Our measurements in the absence of the organometallic vapor indicate sputtering yields
of 15.7 ± 1.3 and 12.6 ±1.3 atoms/ion from evaporated Au and the deposited Au/C/Ga films, re-

spectively.

*IW

* q. :. a . * ,* •

Y = 8 ± I atoms/iont Yu6.4atoms/iont . -. 2-
(a) J 14 IA/cm2  (b) 51 v/V t (a) J 14 IpA/an2  (b) J 51p A A/C

21 iii.i2J~_

Y = 3.9± 0.3 atoms/ion (d) Y= 02 .2 atomu/iont(C) I. 217 M/=12  -865i,/ 2  (c) J.217pIA/an

Fig. 4 SEM of films (> 500 A thick) de-
posited at various scanned current densities. Fig. 5 Plan view TEM of -1000 A thick
All other parameters were kept fixed (a films deposited with different current densi-
DMG(hfac) pressure of 10 mTorr, 100 pA, ties. All other parameters were kept fixed as
0.1 pm diameter beam, scanned at 35 cm/s, in fig. 4.
and a 0.05 pun spacing between raster lines).
Y is the deposition yieldt.

In varying ion and DMG(hfac) fluxes we observed important changes in the film composi-
tion and microstructure which can be correlated with the deposition yield itself. Figure 4 shows
SEM's of films deposited with scanned current densities of 14-865 p/cm2. These films were all

deposited using 100 pA beam currents and 10 mTorr (1018 molecules/cm 2 ) of DMG(hfac) pres-
sure. As can be surmised from these micrographs and the composition data shown in table 1, in-
creased ion flux and the associated decreased deposition yield correlate with lesser carbon content

and increased coarsening of the crystalline islands which compose the film. As shown in figure 5,
TEM analysis of films deposited onto thin membranes under identical conditions confirm that this

coarsening is associated with the film microstructure and not just the surface topography.

Figure 6 shows SEM's of films deposited with DMG(hfac) pressures varying from 0.1 -
10 mTorr (1016 - 1018 molecules/cm 2 ) and a scanned current density of 25.7 pA/cm2 (all other



conditions were identical to those of the films shown in figure 4). In comparing the microstructum

of these films with the composition data given in table 1, we find that, again, the decreased depo-

sition yield, this time associated with decreased DMG(hfac) flux, correlates with both a lesser car-

bon content and improved film growth. We note, however, that the film deposited with a yieldt of

5.5 atoms/ion at a pressure of 0.1 mTorr is significantly purer than that deposited with a yieldt of

3.9 atoms/ion at 10 mTorr, suggesting a more complicated relationship between carbon content and

the various deposition parameters than a simple dependence on the deposition yield.

P Y
(reTorr) LA/cm) (atoms/ion) %Au %C SEM

10 14 8±1 34 58 Fig.4a

P 10 51 6.7 ±OA 38 54 Fig. 4b

10 217 3.9±03 52 40 Fig. 4c

(a) P1 ao.0Morort (b) P a 1.o mTorr
Y a 8.0 t .5 atoms/iont Y - 7.1 ± .5 atoMM/iont

10 26 8.0±0.5 38 55 Fig.6a

1.0 26 7.1±0.5 53 40 Fig.6b
0.1 26 5.5±0.5 64 30 Fig. 6c

Table 1 The composition of the deposited
films at various scanned current densities and

P = 0.1 MTor DMG(hfac) pressures. Composition is given
Y5.5±.sato. Aont in atomic % of Au and C, the remainder be-

ing Ga from the implanted beam and is based
Fig. 6 SEM of films (> 1000 A thick) de- on results from Auger analysis performed
posited with various DMG(hfac) pressures. after sputter removal of the first -100 A of
All other parameters were kept fixed (a material (no carbon contamination was ob-
scanned current density of 26 A/cm2 , 100 served outside of the deposit after this sputter
pA, 0.1 gm diameter beam, scanned at 125 cleaning). SEM micrographs of the ni-
cm/s, and a 0.05 jim spacing between raster crostructure of the corresponding films are
lines). Y is the deposition yieldt. shown in the indicated figures.

These results suggest that at high adsorbate coverage, where deposition is more efficient

and more adsorbate molecules are dissociated per incident ion, the by-products of the dissociation

are less efficiently desorbed from the growing film, leading to a high carbon content in these films.

This carbon then impedes island growth, leading to nucleation of new islands. The resulting dis-

continuous microstructure explains the relatively high resistivities we have measured for deposited

lines.

This interpretation agrees with the results obtained by Ro et al. [18] for 70 keV broad

beam Ar+ induced Au deposition. These authors examined the microstructure, carbon content and

resistivity of films deposited at constant current density (0.7A/cm2) and DMG(hfac) pressure but

at substrate temperatures from 21*C to 160 *C (the thermal decomposition temperature of



DMG(hfac). They found that at higher temperatures carbon content and resistivity drops dramati-

cally and film microstrucu'e becomes continuous. From this, they concluded that at higher tem-

peratures, where by-product desorption is aided by the additional thermal energy, the film growth

is not impeded by the presence of excessive carbon and, as a result, film resistivity approaches that

of bulk Au. Furthermore, the microstructure of films deposited at room temperature with Ar+ and

Gat show similar characteristics. This suggests that the presence of implanted Ga in focused ion

beam deposited films does not grossly affect the film growth.

CONCLUSION

We have demonstrated the utility of focused ion beam induced deposition of Au in the fab-

rication of submicron Au features. The microstructure, composition, and yield of the deposits

have been examined for various ion current densities and various gas pressures. We suggest that

the resistivity of deposited lines could be reduced below tile observed value of 500- 1500 p0-cm

by modest substrate heating, as reported for broad beam induced deposition [18].
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Focused Ion beam fabrication of submicron gold structures
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Because of their ability to both mill and deposit material with submicron resolution, focused ion
beams are now used to repair photolithography masks and are of increasing technological interest
in the repair of x-ray lithography masks and in integrated circuit restructuring. With the latter
two applications in mind, we have fabricated milled and deposited Au features with linewidths of
<0.1 pm using a 40 keV Ga focused ion beam. In addition, we present the results of a study
parameterizing focused ion beam induced Au deposition under conditions of practical interest.
Milling is accomplished by simple physical sputtering. Examples of milled microfeatures include
a grating with a 210 nm period milled through a 5000 A thick evaporated Au film. Deposition is
accomplished by ion bombarding a SiO2 substrate on which a precursor gas, dimethyl gold
hexafluoro acetylacetonate, is continuously being adsorbed. Examples of deposited Au features
include a 3 x 3pum patch l -pm-thick with steep sidewalls. The deposition rate was measured at
room temperature as a function of ion and precursor flux, and a simple model of the process is
fitted to the data. Ion beam induced deposition efficiency is shown to depend critically on the time
averaged beam current density and only weakly on the precursor flux. The maximum achievable
growth rate is shown to be - 10 A/s Deposited Au films contain 30-60 at. % carbon and have
conductivities 200-600 times less than that of bulk Au. Those films formed using lower
organometallic pressures or higher ion beam current densities are characterized by greater purity
with more continuous microstructure.

L INTRODUCTION have investigated in detail its milling and deposition, con-

Since the invention of the liquid metal ion surce over 10 centrating on issues such as achievable linewidths and aspect

years ago,' 2 uses of focused ion beams (FIB) in various ratios, deposited film conductivity and purity, and depo-

aspects of the semiconductor industry have been explored, sition and milling efficiencies. This has necessitated a de-

including direct write implantation, lithographic resist ex- tailed study of the various process parameters which govern

posure, micromachiuing of optical structures, circuit res- deposition, since little is currently known about the details of

tructuring, and repair of photolithography masks.3 The last the underlying mechanisms.

two applications are of special interest, since they take full
advantage of the ability of the focused ion beam to image, II. MILUNG AND DEPOSITION MECHANISMS

mill, and deposit material with submicron resolution with- A. Milling
out the use of masks or resists. Material is removed by scan- One of the most developed uses of focused ion beams is
ning the ion beam over a selected region, thus sputtering micromilling. Typically, 0.03-0.25 pm diam Ga' beams
away the unwanted feature. Alternatively, material is depos- with energies of 15-50 keV are used, since they can be pro-
ited by introducing a vapor containing the desired element duced by commercially available machines and sputter vir-
and using the ion beam to locally dissociate molecules ad- tually all materials of interest with efficiencies exceeding 1
sorbed on the surface. This dual ability of focused ion beams atom per incident ion. Milling is most commonly accom-
is now exploited commercially in the repair of photolithog- plished by simple physical sputtering of the substrate materi-
raphy masks' and is being actively explored for integrated al, although the efficiency can be enhanced by introducing a
circuit restructuring, where the ion beam can be used to cut chemically reactive species over the substrate." 5

or join conductors on prototype or custom devices.8-
4

2 In The physical mechanism of focused ion beam sputtering is
addition, because they can be focused to diameters as small identical to that of broad ion beam sputtering. However,
as 30 nm, FIB's are being considered for use in repair of x-ray when milling features with extremely high aspect ratios, ef-
lithography masks. For this application, the deposited mate- fects such as redeposition of sputtered material and self-fo-
rial must be an x-ray absorbing heavy metal such as gold or cusing of incident ions scattered by the steep sidewalls being
tungsten. formed must be carefully accounted for."" As a result,

The work presented here addresses several questions re- milling rates are conventionally defined only for situations
garding submicron focused ion beam induced deposition and where these geometric factors are minimized by repeatedly
milling of gold structures. The deposition technique is simi- scanning the beam over an area with lateral dimensions
lar to that used in our earlier work using dimethyl gold hexa- much larger than the depth milled. In these cases, the rate
fluoro acetylacetonate [hereafter referred to as may be defined in terms of the sputtering yield:
DMG(hfac) ] vapor,' 3 but employs a higher energy, smaller
diameter beam with a substantially higher current density. = pdIc, (1)
Since Au is both a good conductor and x-ray absorber, we where p (atoms/cm 3 ) is the density of the material being

60 J. Vac. SetL Technl. B? (4), Jid/Aug tM 0734-21 1X/9040609-W I.00 C 1989 American Vacuum Society 6"
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milled toa depth d (cm), and C (ions/cm2) is the ion dose. If the deposition process is characterized in terms of the
Even so, this definition does not take into account possible number of atoms deposited per incident ion or net yield
swelling of the milled material due to implantation of the (Y0 ), these observations allow us to express this yield in
incident ion species. Therefore, the yield as defined in Eq. terms of a balance between deposition and sputtering:
(1) may not correspond exactly to the number of atoms Yo - No - Y,. (2)
removed per incident ion. where N is the molecular coverage of the adsorbate (mole-

cules/cm 2), a is the cross section for molecular dissociation
Deposition (cm 2 ) associated with the size of the collision cascade, and

Work on ion7.t 13 1 '9 21 and electron2 2
-
' beam induced Y is the sputtering yield [Eq. (1) ] of the deposited film.

metal deposition followed earlier studies on the use of laser Although the linear relationship between YD and N has been
beams to dissociate an organometallic or metal halide pre- confirmed for Au deposition using 5 keV Ar broad beam
cursor adsorbed on a surface either indirectly through sub- bombardment,"' this relationship is complicated by the fact
strate heating (pyrolytic deposition) or directly through that the parameters in Eq. (2) are functions of many vari-
photolytic processes. 2 For ion beam induced deposition, the ables. N is a function of the flux of metal bearing molecules,
metal bearing gas must be introduced either into a small 0, which replenishes the surface coverage, the ion current
pressure cell surrounding the sample or through a small noz- density, J, which depletes the surface coverage (either
zle suspended over the sample in order to minimize ion beam through deposition or beam induced desorption), and the
scattering. Thus far, W, Ta, Al, Au, and Cr films have been substrate temperature, T (through thermal desorption), -
deposited using various precursor gases with both broad and and Y, are functions of the ion beam energy and mass as well
focused ion beams and a large variety of ion energies and as the substrate composition. Furthermore, experimental
species. 7.12.13.19-21 In all cases, impurities such as 0 or C were measurements of YO are frequently made in terms of t (cm),
present. To date, all work depositing Au has used the measured thickness of the deposit:
DMG(hfac) as a precursor.

Although details of the mechanisms of ion beam induced = to/C, (3)
deposition are not well understood, several important ex- wherep (atoms/cm 3) is the density of the deposited materi-
perimental observations have been made which allow us to al and C (ions/cm 2 ) is the ion dose. This measured value
build a partial working model. The first is that a sharp does not take into account implanted ions in the deposit and
boundary in the deposit is observed where the substrate is is commonly calculated assuming the film density is equal to
shadowed from the ion beam, indicating that gas phase dis- that of the pure material, despite the impurities present. In
sociation of the metal bearing vapor is not significant and the results presented below, YD is calculated assuming
that it is only the adsorbed molecules which contribute to p = 5.9X 1022 atoms/cm3 , the atomic density of pure Au.
deposition.27 It follows then that the adsorption properties of Although data reported by several investigators bear out
the system being studied will play an important role. Second- the qualitative aspects of Eq. (2), there have been few at-
ly, deposition has been accomplished using a large variety of tempts to quantify the relationship (with the exception of
ion species and energies, and its efficiency increases with the Refs. 21 and 29) and little or no systematic variation of the
total stopping power of the ion.20 Since electron bombard- parameters of the process to test any such existing models. In
ment has also been shown to induce deposition but generally the case of submicron feature fabrication, where current
with an efficiency much lower than that of ion bombard- densities are necessarily high, a means of predicting Y. as a
ment, it can be submitted that the nuclear (elastic) contribu- function of these parameters would be especially useful,
tion to the stopping power will play a more critical role than since, as Eq. (2) indicates, a small variation in N(OJ,T)
the electronic (inelastic) stopping power. However, in ion could result in ion milling rather than the intended depo-
bombardment the elastic stopping also contributes to sput- sition.
tering, a process which competes with film growth. Since in
most systems of interest to FIB induced deposition the sput- III. APPARATUS
tering yield is high, it, too, will play an important role, com- Au microfeatures were fabricated using a 50 kV focused
peting with the deposition process. Thirdly, deposition ion beam column ° and a custom built UHV work chamber,
yields in excess of one deposited atom per incident ion have as shown in Fig. 1. The column is a two lens electrostatic,
been reported under conditions where monolayer (or less) nonmass separated ion optical system with a movable aper-
adsorbate coverage is assumed. Because direct collision be- ture and octopole astigmatism correction and is operated
tween an energetic ion and several adsorbed molecules is with a Ga liquid metal ion source.3 The working distance
unlikely, these large yields suggest that the ion beam indir- between the bottom of the column (final einzel lens) and the
ectly dissociates adsorbed molecules by exciting the sub- sample is 2.5 cm. A source emission current of 2,"A and a
strate below. Since the average energy of the recoiling sub- total accelerating potential of 40 keV were used. This col-
strate atoms in the collision cascade which results from the umn produces 70-250 nm diam beams with currents of 25
passing of a single ion is low (a few eV) and the excitation pA-I nA, respectively. Beam diameters are estimated by
volume (cascade diameter) is large (50-100 A, the trans- scanning the beam across the edge of a cleaved single crystal
verse range straggle estimated from Ref. 28), it is likely that or across a Ni mesh placed over a Faraday cup and measur-
this indirect process is an efficient means of dissociating ad- ing the resulting secondary electron signal as a function of
sorbed molecules. beam displacement with a channel electron multiplier. Val-
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ines. Spacing between the rastered lines of rectangular tea-
tures is determined by the ratio of the fast (horizontal) and
slow (vertical) deflection frequencies and the amplitude of
the slow deflection signal. Lines were written simply by
grounding one set of the deflection signals. Currently, no
beam blanking has been implemented on the system so all
writing is done by continuous scanning.

The ion column is connected to the work chamber via a I
mm differential pumping aperture in the final element of the
objective ienL This arrangement provides up to 3 orders of
magnitude pressure differential, allowing deposition experi-
ments to proceed without contamination of the liquid metal

i ion source. For ion milling experiments, the work chamber
was pumped using an ion pump (base pressure 5x 10- so

50 kV Torr), -vhile for deposition experiments it was pumped using
Ion Cohnnn the 1o2 ock turbomolecular pump and liquid nitrogen cold

trap :Mse pressure 5X 10- 2 Torr).

DMG(hfac), a liquid at room temperature with a vapor
ion Pump .a-- pressure of 350 mTorr, was introduced through a 0.8-mm-

W~. tube suspended over the substrate (Fig. 1), thus creating
3moPuia a local high pressure in the region scanned by the ion beam

Tufo C n while maintaining a work chamber pressure of <4x 10- 6

PUMP MKOumesr Torr (as measured far from the gas delivery nozzle). This

arrangement also minimizes ion beam scattering in the gas.The pressure at the substrate was measured as a function of
tone IA&workgas delivery tube height by replacing the sample holder with

wmeIa "stagnation tube" as shown in Fig. 2. These measurements
were then used as a calibration to determine the molecular
flux of the organometallic under various experimental con-
ditions. Except where noted, the tube was suspended 0.2 mm
above the substrate, corresponding to a pressure of -- 10
mTorr or a flux of 10" DMG(hfac) molecules/em s and

Gas Fee the substrate was thermally grown SiO2 (100 nm thick) on a
Si wafer.

12

bIb) , 10 ) GO~

F. 1. Paotogaph (a) } the SIMS0 ion column and difierentially pumped C 8 6O2A)

UHV work chamber mounted vertically on a vibration isolation table. The
load lock. shown on the left-hand ide, can introduce up to 4 in. sample and
is alo used for pumpinS the lge gas load introduced during deposition 6 0

wo Shown schematically in (b), the DMO(hffc), which is a liquid at
rom tesmperature, is contained in a vial attached to a manifold equipped 4

with a capacitance manometer and roughing pump. After deposing by 0sccesve freez thaw, mad pump cycles, DMG(hfac) vapor s delivered 2 Is
through I in tubing which ends in a I in. section of 0.8-mm-iA tubing
suspended over the substrate (inset). This delivery system waa mounted on 0 0
an X-Y-Z motion feeddn to allow exact positioning by ion beam imagi. 0 . .

0 1 2 3 4 5

Nozzle Height (m)

ues quoted are the diameter represented by the 10%-90% FaG. 2. DMO(hfac) pressure as a function ofgas delivery nozzle height as
amplitude of this signal. measured by a stagnation tube situated in the place of the sample (inset).

Imaging is accomplished by detecting secondary electrons The sts ntion tube consists of I in. tubing with a I mm opening located

while synchronously rastering the beam. The deflection Sys- under the gas nozzle. Since equilibrium gas flow is established at the open.
tem driver is a simple function generator and allows fast ing, the pressure measured by the capacitance manometer is equal to the

pressure at the sample surface. This curve is used to calibrate the flux of
rastering (up to 100 kHz), but limited patterning capabili- organometallic molecules as a function of nozzle height above the sample

ties. In practice this restricts features to simple rectangles or surface.
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IV. NESULTS
In all the work described in this paper, high scan speeds

(> 30cm/s) were used to minimize effects of the large beam
current density of the focused ion beam. When milling at low
scan frequencies (high instantaneous beam current), sput-
tering yields will be affected by the surface topography and
redeposition caused by the large amount of material re-
moved in a single pass of the ion beam."16. In the case of
deposition, as reported by Shed et aL, low scan speeds result
in local depletion of the adsorbed organometallic species,
leading to a decreased deposition yield and eventually to
milling.' 3 Our measurements indicated that, with a
DMG(hfac) flux of 10'8 molecules/cm 2 s and beam current
densities of - 1 A/cm 2, the deposition yield is independent
of scan speed at speeds of 10 cm/s or greater. If point-by-
point exposure were used, this analog scan speed would cor-
respond to a pixel dwell time of less than Ips (for 0.1 ism
pixel size and beam diameter). 0.1 Pu

By employing high scan speeds, we can then define a time
averaged beam current density: FIG. 3. SEM ofO.I pn wide line milled through a 2000 A thick evaporated

Au film using 40 keV Ga focused to 70 nin diameter (below: close up).
(J) = 1/A, (4)

wherel(ions/s) is the beam current andA (cm2 ) is thearea Figure 3 shows a 0.1 &m wide line milled throgha22000A
of the rastered region. Except where noted, this definition of thick evaporated Au film by repeatedly scanning the beam
average beam current density, (J), will be used. along a single deflection axis. By synchronously scanning

A. Milng along both deflection axes, a grating pattern can be milled
whose period is equal to the rastered line spacing. The 210

The sputtering rate of 40 keV Gal on pure Au was mea- nm period grating shown in Fig. 4 was milled through 5000
sured by rapidly scanning a 50 pA beam in a 13 X14put A of evaporated Au and shows a milled linewidth of -50
rectangular pattern over a 5000 A thick evaporated Au film am. It was written over a 13 X 141im area and took 5 min to
and then measuring the depth of the resulting milled box write. Both side wall redeposition ofsputtered material and
using a stylus profilometer. This indicated a sputtering yield, self-focusing of the ion beam are believed to enhance the
as defined in Eq. (I), of 15.7 ± 1.3 atoms per incident ion aspect ratio of features milled to such depths.
(Table I). This is consistent with measured and calculated
yields for broad beam sputtering of Au (Ref. 32) and con- B. Deposition
firms our understanding of this process as physical sputter- 1. Process pramete kaf
ing. Using a I nA 40 keV Gal beam focused to 1jum diameter

(10%-90%), 99X86 pm deposits were written on a SiO 2
substrate with ion doses of between 1.8 X 10 6 and 1.8 X 10"7

TAE 1. ThecompsitioU and deposition yield, YO ofthe deposited films at ions/cm2. All other conditions were held fixed. The beam
various average current densities, (J) and DMG(lfac) pressures, P. Com- was scanned continuously over the substrate at a speed of
poition is given in at % of Au and C, the rmainder being a Ci oa the
implanted beam and is based on results of Auger analysis performed after
sputter removal of the first - 100 A of material (no carbon contamination
was observed outside of the deposit after this sputter cleaning). SEM of the
microstructure of the corresponding films are shown in the indicated fAS- --
urea. The bottom two rows represent sputtering yields of an evaporated Au
film (100% Au) and an ion beam deposited Au film (50% Au) in the a"-

absence of the or"nomeualic.

P j) y
(mTorr) (pA/cm) (atoms/ion) % Au % C SEM

10 14 5±1 34 58 Fig. 9(a)
10 51 6.7 ± 0.4 38 54 Fig. 9(b)
10 217 3.9 ± 0.3 52 40 Fig. 9(c)
10 26 8.0 ± 0.5 38 55 Fig. 7(a)

1.0 26 7.1 ±0.5 53 40 Fig. 7(b) *

0.1 26 5.5 0.5 64 30 Fig 7(c)
0 ... - 15.7 ± 1.3 100 0 "" FIG. 4. SEM of a grating milled through a 5000 A thick evaporated Au film
0 ... 12.6 1.3 50 35 "" using a 50 pA beam focused to - 70pm diam. It has a periodicity of 210 nm

and a spacing between Au lines of -50 ni (right: close up in profile).

J. V.. 3& Technol. 3, VoL 7, No. 4, Jul/Aug 13NW



613 *mern f: FlU faMbdeatlo Ofmcstron go sm arosm $13

3000 10% between 1 and 10 mTorr. Auger electron spectroscopy
(AES) of these films indicate that Alm deposited using a

... "higher gas flux contain signilcantly more carbon and that 0
__ .ooand F, both constituents of DMG(hfac), were not detected

...I in any of the flms. When the yield measurements are cor
rected for the fraction of Au in the Alms, no variation in Au

10 0O deposition yield as a function of organometaic flux is seen
(Fig. 6). However, scanning electron microscopy (Fig. 7)
shows that as the gas flux and carbon content decrease, the

0o o.s 1.o i s .0 fi lm MnM begins to coarsen.
Do 7 2 We investigated deposition yield as a function of ion flux

Dose (101 iona/,cm) ((J)) by varying the size of the deposits. All other param-

Fit. S. Thickness oAu deposits a fowtion erien dose. The dope of" eters were kept constant, including the beam (100 pA, 0.1
line corresponds to a deposition of 7 atoms/ion, assuming the ilms have a um diameter), the DMO(hfac) pressure (10 mTorr), scan
demsity of 5.9x 1022 atoms/cm3 (bulk gold). speed (35 cm/s), and rastered line spacing (0.05 /m). The

resulting deposition yield as a function of averaged current
density is shown in Fig. 8. As (J) increases, the yield falls off

50 cm/s with a spacing of 0.2/pm between raster lines. The rapidly from - 10 atoms/ion at an ion flux of4 pA/cm2 to
thicknesses of the resulting films were then measured by sty- approximately zero at 1 mA/cm2 .Although the films depos-
lus profilometry and are shown in Fig. 5. Deposition is pro- ited at higher (J) contain less carbon and more Au (Table
portional to ion dose down to a film thickness of 300 A and I), a significant decrease in the Au deposition yield at higher
has a yield, as defned in Eq. (3), of 7 atoms/ion. current densities remains when the data are corrected for the

Deposition as a function of DMG(hfac) flux was investi- fraction of Au present (2-3 Au atoms/ion for (J) < 100
gated by varying the height of the gas delivery nozzle, as "A/cm 2 to less than 0.2 Au atoms/ion for (J) > 900 pA/
described in Sec. Ill. In this case, a 100pA 40 keV Ga+ beam cm 2 ). Scanning electron microscopy (SEM) of the films in-
focused to <0.1 um diameter (10%--90%), was used to dicates that decreased carbon content is again associated
write21X 18pm rectangles by scanning continuously over a with coarsening of the film microstructure (Fig. 9). This
SiO2 substrate at a speed of 125 cm/s with a spacing of 0.05 coarsening has been confirmed by transmission electron mi-
pro. Figure 5 shows the deposition yields [Eq. (3)] inferred croscopy (TEM) analysis and is discussed in more detail in
from the thickness of films deposited using DMG(hfac) Ref. 33.
pressures between 0. 1 and 10mTorr (Fig. 2). As thegas fux
increases, the deposition yield increases, but changes by only

10

ofC , ........... .............

S6 "

4 0

0 2 4 a 8 10 12

P(mTorr)
Fwc. 6. Deposition yield as a function of the pressure of the organometallic
at the substrate. These films were deposited with a time averaged beam
current density of26pA/cm2.A pressure of 10 mTort corresponds to a fluxi
of l0' molecules/cm2 s. The closed symbols represent yield calculated as-
suming tI-e films are pure Au, while the open symbols represent the depo- FG. 7. SEM of fims (> 1000 A thick) deposited at various DMG(hfac)
sition yield corrected for the fraction of Au present. No corrected value is pressures (P), corresponding to data points in Fig. 6. Y is the deposition
liven at 5 mTorr, since AES compositional analysis was not performed on yield, uncorrected for Au composition. (a) P, 10.0 Torr, Y- 8.0 ± 0.5
that film. The dashed line is to guide the eye, while the solid curve is the atoms/ion3; (b) P-1 .0 mTor, Y-7.1 +0.5 atoms/ion"; and (c)
prediction of the theoretics! model [Eq. (7)]. P-O0.1 mTorr, y- 5.5 ± 0.5 atoms/ion."
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sured by SEM at high incidence angle and used to calculate
14 [Eq. (1) assuming, to first approximation, p is that of pure

............. TAu] a sputtering yield of 12.6 ± 1.3 atoms/ion, as compared
S12 to 15.7 ± 1.3 atoms/ion for an evaporated Au film (Table

10 I).

2 Microfeatures

.j "Examples of Au microfeatures deposited on SiO 2 sub-
strates are shown in Figs. 10 and 11. The 3.4 X 3.4x 1 zm
patch in Fig. 10 took 15 min to write with a 25 pA beam,

S 4 *'" indicating a deposition yield of 5.8 ± 0.6 atoms per incident

0 ion and a growth rate of 11 A/s. At an average current den-
2 % sity of 180 MA/cm2 , the yield is consistent with the results

shown in Fig. 8. The feature was written by synchronously
.1 10 100 1000 scanning repeatedly over the deposit at a speed of 43 cm/s

with a spacing of 0.09 pm between raster lines. Auger analy-J(uA/ cm2 ) sis of a film deposited under similar conditions indicates that

Fi. S. Deposition yield as a function of (Q), the time averaged beam cur- it has a composition of 50% Au, 35% C, and 15% Ga.
rent density as defned in the text. These films were deposited with an orga- The deposited lines shown in Fig. 11 were written with a
ometallic pressure of 10 mTorr. The closed symbols represent yield calcu- 50 pA beam scanned repeatedly and continuously over (a)
lated assuming the films were pure Au, while the ,pen symbols represent
the deposition yield corrected for the fraction of Au present in those films 25rpm at 300cm/s for 30 s and (b) 90pm at 180cm/s for 2
for which AES compositional analysis was performed. The dashed line is to min. Assuming a beam diameter in both cases of -0.1 pm,
guide the eye, while the solid curve is the prediction ofthe theoretical model these lines were written with ) = 2 mA/cm2 and ()
[Eq. (7)). = 560pA/cm , respectively. The effect of the factor of four

difference in the (J) can be seen both in their deposition
We also measured the sputtering yield of the deposited yields (41 and - 2.5, respectively) and in their microstruc-

films bombarded by 40 keV Ga' in the absence of ture.
DMG(hfac) gas. This was done by depositing a thick film The conductivity of deposited lines was measured by writ-
(5400 A thick, - 50 at. % Au), pumping out the organome- ing across preevaporated metal (Au, W, AL, and NiCr) con-
tallic gas and then sputtering away a small region of the tacts patterned by standard photolithography (Fig. 12).
deposit. The depth of the sputtered region was then mea- Identical lines were written on pre-scribed SiO2 wafers and

(b)

I' !

fto. 9. SEM of flns (> 500 A thick) deposited at various time averaged
current densities (j), corresponding to data points in Fig. 8. 'is the depo-
stion yield uncorrected for Au composition. (a) Y, I ± I atoms/ion," FiG. 10. SEM ofa 3.4a 3.4pm Au deposit shown in rspective (top) and
J= 14 pA/cm; (b) Y6.7±0.4 atoms/ion," J-SI1 pA/cm'; (c) inprofile (bottom).Thisfeaturewaswrittenatadepositionrateofl A/s.
Y-3.9 ±0.3 atoms/ion," J 217 0sA/cm'; and (d) Y=0.2 +0.2 Theheight (-1jm) andhighaspectratiooftheedgesofthisdepositareof
atoms/m,,"J= 865 jpAcm. particular interest for application in x-ray lithographic mik repair.
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i.) (b

FIG. 13. SEM ion beam deposited line crossing the edge of the evaporated
'1 - (a) W (600 A thick) and (b) A 2000A thick) films desicribed in Fig. 12.

V. DISCUSSION

lThe rather weak dependence of the deposition yield on the

(a) (b DMG(hfac) pressure shown in Fig. 6 indicates that undue

FIG. 11. SEM of deposited Au lines shown in perspective (top) and in effort to increase the DMG(hfac) flux by, for instance, heat-

section (botom). These lines were written using a 5)-pA 40.keV Ga ing the gas delivery system, would not be especially effective.
beam focused to <0.1 pm diameter. The line (a) is 25 pm ong and wa However, the strong dependence on ion flux shown in Fig. 8
written in 30 s. The line (b) is 90opm long and was written in 2 min. The
larger width ofthe line in (b) is believed to be a result of drift in the ion beam is Particularly important to microfeature deposition. For ex

perpendicular to the scan direction. The feature in the foreground of the ample, from the data presented it is clear that a 1 X 1 m
cross section in (a) is an artifact of the beam not being blanked at the end of feature could not be written by continuous scanning of a 100
a line. pA beam, whereas a 25X 1 pm feature over 0.5 um thick

could be written in less than 10 min. This relationship can be

then cleaved to measure the cross-sectional area of the lines, seen more clearly in Fig. 15 where the growth rate, R, is

thus allowing an estimation of the resistivity of the deposited displayed as a function of (J):

film. These measurements show resistivities in the range of R = ( ) YD
500 to l50pfk cm (pure Au has a bulk resistivity of 2.44 p
pfl cm).As is illustrated in Fig. 13, the lines are easily writ- (p being the atom density of the deposited Mm, here taken to
ten Over 2000 steps and the deposition efficiency is relaorganometallic pres-
tively independent of the substrate ( -5 atoms/ion). One sure of 10 etor, the maximum measured growth rate of 9

exception to this was found in the case of Au contacts (Fig.

14). Since the measured sputtering yield of evaporated Au is
- 3 atoms/ion greater than that of the deposited Au/C com-
posite and substantially greater than that of any of the other
substrates, we would expect, based on Eq. (2), difficulty
initializing the deposition process on an Au substrate. Simi.
lar substrate dependence in the early stages of deposition has
been observed in 5 keV Art induced Au deposition.3 '

00 PMDeposite1001Am L !lx

FIG. 12. Schematic of the arrangement used to measure the resistance of ion
beam deposited Au lines. The pads were made ofevaporated films of Au, W, FIG. 14. SEM of ion beam deposited line crossing the edge of the evaporated
NiCr, or Al on SiO , substrates patterned by standard photolithographic Au (2000 A thick) film described in Fig. 12. Whereas substrate indepen-
techniques. The spacing between the inner fingers (each 10pm wide) is 100 dent deposition is observed for W, A], NiCr, and SiO 2 (Fig. 13), almost no
1111, deposition is seen on the Au substrate (right).
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plyin& as expected, that increasing (J) decreases the
adsorbate coverage, N, while increasing increases N. A
model for the relationship between N, (J), and 4 during
electron beam induced deposition using a DMG(hfac) pre-

o i~ cursor was proposed by Koops et a12' which was based on
their earlier work with tungsten CarbonyL35 By assuming
monolayer type adsorption of the organometallic, they ex-
press its molecular coverage, N, as:

dN I N~_i Wi - oN (J), (5)

0 _ _ . _ . _where No is the molecular density at a monolayer, g is the
i .. . sticking coefficient, r is the mean lifetime of an adsorbed

molecule, a is the cross section for dissociation. [The appro-
J(iA/ cm ) priateness of this monolayer approximation in the pressure

Fi. 15. Deposition rte, as defined in the text, &3 a function of ar and temperature range considered here has recently been
average born out by measurements of adsorption properties ofcurrent density with a precunor pressure of 10 mTorr. The solid line is to

guidhetheye DM (hfac)." ] At steady state (dN/dt = 0). theadsorbate
coverage may be written.

.A/s was achieved by writing with an average current den- N, = 1 (6)

sity, (Q), of - 220 pA/cm2, and is very sensitive to (J). If N0  +.
one wished to write arbitrary microfeatures under these opti- To extend this treatment to the case of ion beam induced
mum conditions, beam blanking could be used to control the deposition, we need only to insert this expression into Eq.

scanned current density.

The large variation in film purity as a function of both the (2), in effect, including a term to account for sputtering of

ion flux and organometallic flux is also of considerable ia- the growing film:

portance to microfeature fabrication, since it will affect both yo = 1 - Ys. (7)
the electrical resistivity and x-ray opacity of deposited struc- I + 1 + (j)
tures. The larger carbon content of the films deposited with "N0  Oo+  0
low current densities or high organometallic flux suggests If we assume g = 1, and the measured value of Y,
that at high adsorbate coverage, where more orgLnometallic = 12.6 ± 1.3 atoms/ion described above for a deposited
molecules are dissociated per ion, the by-products of the dis- film which was - 50% Au, we can fit this expression to our
sociation are less efficiently desorbed from the growing film. data for YD (corrected for Au composition) as a function of
This trapped carbon then impedes island growth, preventing (J) at4' = lO ' molecules/cm' s [OmTorrDMG(hfac) ].
coarsening and leading to nucleation of new islands as seen From the fit (solid line in Fig. 8), assuming 4)-' No we find:
in the micrographs in Figs. 7 and 9.

The discontinuous microstructure of the films resulting oNo = 15.6. (8)
from the carbon impurities explains the relatively high reis- If No is -3 X 1013 molecules/cm2,3  this implies
tivities measured. Such an interpretation agrees well with a = 5.2 X 10-' 3 cm2 corresponding to an area of excitation
previously reported results for 70 keV broad beam Ar + in- of - 80 A diameter which would be consistent with the di-
duced Au deposition. 27 That study investigated the micro- ameter of the collision cascade. Unfortunately, Eq. (7) pre-
structure, carbon content, and resistivity of films deposited dicts too large a value of Yb at the higher current densities.
at a constant current density and pressure but at increasing However, we have assumed a constant value of Y, for all
substrate temperature. It was found that at higher tempera- values of () .Since the fraction of Au in the film increases as
tures the carbon content and resistivity dropped dramatical- a function of (J), Y will increase from a measured value of
ly and the microstructure became continuous. The authors 12.6 atoms/ion for 50% Au films at (J) -200pA/cm 2 to-
therefore concluded that at high temperature, where by- ward 15.7 atoms/ion (the measured value for 100% Au
product desorption is assisted by thermal energy, the film films) at higher (Q). Accounting for such composition de-
growth is not impeded by the presence of excessive carbon pendent sputtering will improve the fit to the data, as would
and as a result, film resistivity approaches that of bulk Au. including terms to account for beam induced desorption.
Furthermore, the microstructure of the films deposited at Increased thermal desorption at high (J) due to increased
room temperature with an Ar beam resembles that which we substrate heating can be ruled out since with a 100 pA beam
observe in films deposited with a Ga beam. This suggests the rise in temperature at the deposition site would be less
that the presence of implanted Ga in focused ion beam de- than 1 "C even with (J) = 1 mA/cm2 (see Ref. 3 for the
posited films does not grossly affect the film growth. details of this estimation).

The observed variation of the deposition yield as a func- We can compare this simple model to the yield data as a
tion of ion ((J)) and DMG (hfac) flux (0') agrees qualita- function of 4) by assuming )r>i No and inserting Eq. (8)
tively with the simple relationship expressed in Eq. (2), im- into Eq. (7). As shown by the solid line in Fig. 6, it is unable
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Focused Ion beam Induced deposition of low-resistivity gold films
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Focused ion beam induced deposition of metals has up to now produced films with resistivities
30-5000 times higher than bulk values for metals because of high concentrations of impurities
from the precursor gas incorporated into the films. We have demonst,. ted for the first time
deposition of submicron Au films with resistivities approaching that of the bulk metal and carbon
contents of < 10 at. %. These results are particularly relevant to applications in integrated circuit
restructuring and x-ray lithography mask repair, where high film conductivity and purity
improves interconnect quality and x-ray opacity.

I. INTRODUCTION signed to accommodate an embedded resistive heater and

Creation of patterned films of materials in a maskless, resist- thermocouple. The gold-bearing gas, dimethyl gold hexa-
less fashion is of practical interest and has stimulated much fluoro acetylacetonate [C7H7F60 2Au, hereafter referred to
work in laser-direct write deposition.' More recently, fo- as DMG(hfac) ,"' was introduced through a 0.8 mm i.d.
cused ion beams have been substituted for laser beams, thus tube suspended -0.2 mm above the sample, 100 pm from
permitting patterned deposition at dimensions well below 1 the ion beam axis. The resulting DMG(hfac) pressure was
pum. Ion beams have the distinct advantage that they can also measured to be 10 mTorr at the sample surface.' 3

be used for material removal by ion milling with submicron
precision. Ill. RESULTS AND DISCUSSION

In ion induced deposition, a local gas ambient of an appro- In order to allow for resistivity measurements and compo-
priate compound is created by a miniature nozzle aimed at sitional analyses of the same films, 300/pm long, 1.2 pm
the sample surface. The focused ion beam is scanned over the wide, 1400-2000 A high lines were deposited across evapo-
sample to deposit a patterned film by causing adsorbed gas rated Au contacts on a SiO 2 substrate at temperatures of 35,
moklules to break up. This technique is already widely used 50, 75, and 100 *C. Resistance was measured by a four-point
in the repair of photolithography masks where the ability to current and voltage measurement. Resistivity was then cal-
both mill and deposit using the same beam is especially valu- culated based on line cross sections estimated from scanning
able.2

' Focused ion beam based systems are currently being electron microscopy (SEM) and stylus profilometry mea-
developed for the repair or restructuring of integrated cir- surements. Subsequently, the film compositions were ana-
cuits and for the repair of x-ray lithography masks. To meet lyzed by high-resolution scanning Auger electron spectros-
the requirements of these applications, research efforts have copy (AES), preceded by 3 keV Ar' sputter cleaning
concentrated on attaining low-resistivity deposits and high ( -1 50 A) to remove any surface contamination. As can be
aspect ratio deposits of high-Z materials. seen from the open points in Fig. 2, resistivity decreases by

However, hitherto attempts to deposit conducting films more than a factor of 10 between 35 and 100 "C and is accom-
have typically resulted in high concentrations of impurities panied by an increase in film purity. The film compositions
and resistivities a factor of 30-5000 times higher than bulk varied from - 10 at. % Ga, 40 at. % C, and 50 at. % Au at
values for metals."'1 '16 The one exception was gold films 35 C to 10 at. % Ga, 10 at. % C, and 80 at. % Au at 100 *C.
deposited over a large area on a heated substrate (100- Because composition was measured using AES and no alloy
160 "C) using an Ar beam from an implanter. In this case, standards were available, the atomic percent data are intend-
resistivities near the bulk value of gold were obtained. " Ex- ed to show the trend rather than the absolute composition.
tending this work to a focused Ga+ beam, we report here for No F was detected in any of the films and 0 was present in
the first time patterned submicron gold deposition with re- the lower temperature films at a level of less than 3% [both
sistivities within experimental error of the bulk value and, in 0 and F are constituents of DMG(hfac) ]. Based on the
addition, high aspect ratio, submicron lines.

It. APPARATUS Ion
Beam FIG. 1. Schematic of the apparatus

The ion beam system and gold deposition technique v- ad showing the resistively heated plat-
in this work will be described in more detail elsewhere. 3 20- form set into the x y stage and the
100 pA, 40 keV Ga + beams focused to diameters of less than Deposi gas feed used to create a~- 10 nTorr
0. p/zm were scanned rapidly over samples located in a differ- atmosphere of the gold-bearing or-
entially pumped work chamber (base pressure I X 10-7 ganometallic at the sample surface.

Details of the gold deposition tech-
Torr), as shown in Fig. I. The samples were mounted on a i'oatgr nique are given elsewhere (see Re.
small platform built on the X-Y positioning stage and de- X-Y Stage 13).

1616 J.Vm.ScLTechnol.B (6),NovD¢c: 1 0734-211XI91061816-03$01.00 ® 1989 American Vacuum Society 1616
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7. 10 The closed points in Fig. 2 correspond to narrower lines
100-300pm long which were written across Au and Al con-tacts on substrates held at 25, 120, and 125 C. The resistivi-

so ties of these submicron lines were estimated as described
°-"''' * above or, in some instances, by a two-point current and vol-

.~t age measurement (compositional analyses of these lines
1e.-0 could not be performed). Note that at 125 "C, resistivity is

30 1 within experimental error of that of bulk Au (2.44pfl cm).

Since the deposited gold, of necessity, contains implanted
ie * gallium, its resistivity is actually expected to be higher than

5W that of pure gold. s Figure 3 shows a SEM of one such line

2..0 deposited at 125 C. The resistivity of this 0.3 /&m wide line is
•estimated to be 7 ± 4p fl cm. Itis 120pm long and took 2.501 115 3 ' min to write across two Al contacts. Its width, approximate-

0 20 40 so so 100 120 140 mechanical drift in the stage pjsition which has been ob-
T (00) served to be large when operating at high sample tempera-

FIG. 2. Resistivity and Au content of lines shown as a function of the tem- tures. Figure 4 is a SEM of a high aspect ratio line deposited
perature of the substrate during deposition. The closed circles represent at 25 C. This 100/pm long, 0.75 /Am high line took 30 min to
values associated with deposits under 0.5 im width, where compositional write and, again, its width is limited by the mechanical sta-
analysis was not possible. The open circles represent values associated with bility of the system.
1.2jum wide lines from which both resistance and composition were met-
sured as described in the text. The inset shows the high-temperature region
in more detail. The bulk resistivity of Au is 2.44jfl cm. The uncertainties in
the resistivity data correspond primarily to uncertainties in estimating the IV. CONCLUSIONS
cram sections of the lines. The correlation between resistivity and Au content shown

in Fig. 2 is in agreement with results reported for broad Ar
atomic percentages of Au and the estimated cross sections of ion beam induced Au deposition. The high resistivity of
the lines, the deposition yield, number of Au atoms deposit- room-temperature ion beam induced Au deposits results
ed per Ga ion, was calculated to be - 3 atoms/ion and varied from incomplete desorption of by-products and can be eli-
by less than 30% with substrate temperature. minated by raising substrate temperatures to the rather

moderate value of 120 C. We have demonstrated that this
technique may be extended to focused ion beam induced de-
position and therefore can be used for submicron patterning
of Au films. Line width and aspect ratio are currently limited
not by the ion beam diameter but by the mechanical stability

0.5 gmu' I im14
FIG. 3. Scanning electron micrograph of a line deposited at 125 TC. The line MIo. 4. Scanning electron microg~raphs orsa high aspect ratio deposit shown
is estimatted to be 200 A/ high and to have a resistivity of 7 ± 4/all cm. It is in ( a) perspective and (b) crou section. This line, I OOum long and 0.75 pm
!120 pmi long and was written between two Al contact pads using a rapidly high, was deposited on a SiO2 substrate at room temperature using a rapidly
scanned 20 pA. 40 keV Ga* focused beam. scanned 20 pA, 40 keV Ga* focused beem.
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App. VII

'Focused ion beam induced deposition of platinum
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Focused ion beam induced deposition of platinum from a precursor gas of
(methylcyclopentadienyl)trimethyl platinum has been demonstrated. This organometallic
compound is solid at room temperature with a vapor pressure of 0.054 Torr. Ga + ions at 30-40
keV have been used. The resistivity and composition of the film and the deposition yield have been f
measured as a function of ion current density, line dose, substrate temperature, geometry, and
supplemental hydrogen pressure. Yield varies from 0.2 to 34, and resistivity varies from 70 to 700

cm depending on the conditions. The resistivity and content of the carbon impurity are
reduced as the ion current increases: the lowest resistivity is observed at the highest current
density corresponding to 0.222 nA at scan speed 500 cm/s repeated over a 350/m long line. The
minimum linewidth achieved so far is 0.3 pm. Transmission electron microscopy shows the Pt
film to be amorphous, and Auger analysis gives the film composition 46% Pt, 24% C, 28% Ga,
and 2% 0. The addition of hydrogen gas supplied to the same area by a second nozzle is found to
have little effect on yield or resistivity. Although the deposition of gold from an organometallic
precursor on a substrate at elevated temperature results in low resistivity films, in the case of
platinum this is not observed; in fact, deposition yield goes to zero as the substrate temperature is
raised. The deposition of platinum at near grazing incidence of ion beam on a cleaved silicon
surface has been observed. Such deposition differs from that of normal incidence, tending to form
discrete islands at about 0.25 pm dimensions.

I. INTRODUCTION II. EXPERIMENT

In the past ten years focused ion beam technology has ad- A. Preparation of (MeCp)PtMe 3
vanced in a number of areas. The focused ion beam milling (Methylcyclopentadientyl)trimethyl platinum,
and ion induced deposition have found commercial applica- (MeCp) PtMe3 , is synthesized from trimethylplatinum io-
tions in repair of photolithography masks, and recently also dide and sodium methylcyclopentadienide using the method
in integrated circuit repair. Repair of x-ray lithography described in the literature.' 3 The product is a pale green to
masks is a likely important future application. About a half while colored solid with a melting point of 29.5-30 *C. The
dozen of metal films' -0 have been successfully made. If de- vapor pressure is found to fit the following equations:
position is carried out in a poor vacuum, a high concentra-
tion of oxygen is often observed. These films usually contain In P(Torr) = 26.1 - 8600/ T, 373< T<303 K,

substantial concentrations of unwanted constituents of the heat of sublimination = 71.5 kJ/mol;
precursor gas, mainly carbon. The resistivity ofthese films is In P(Torr) = 15.3 - 5240/T, 303 (T<333 K,
often from 20 to 200 times higher than that of pure metal.
Gold deposition at elevated substrate temperature is an ex- heat of evaporation = 43.6 kJ/mol.

ception and shows higher film purity and resistivity nearly The vapor pressure is 0.054 Torr at 23 "C, and 0.40 Torr at
equal to that of pure gold. ' 50 *C. This compound will gradually decompose at tempera-

The lack of volatile metal compound precursors limits ture over 50 *C.
new findings of metal deposition induced by focused ion
beams. Recently high purity platinum films have been de-
posited by low temperature" and laser-induced' 2 organo-
metallic chemical vapor deposition using hydrocarbon plati- Metal films have been deposited by scanning a focused ion
num compounds as precursors in the presence of hydrogen beam across the surface of a substrate on which a metal pre-
gas. Platinum film is a promising candidate, not only for cursor is adsorbed. A differentially pumped focused ion
repair of x-ray lithography masks, but also for integrated beam column provides Ga ions with energy from 10 to 50
circuit repair. Platinum has a high Z number, and its x-ray keV, beam diameter possibly less than 100 nm, and ion cur-
absorption isslightly higher than that ofgold and tungsten in rent up to I nA. (See Ref. 14 for a more detailed descrip-
the range of interest. In addition, platinum is inert and does tion.) In a work chamber (base pressure 6xi0- 10 Torr) a
not degrade due to exposure to air or to elevated tempera- main gas jet with opening 0.7 mm delivers the precursor gas
tures or high current densities. Unlike gold, platinum is not onto the substrate surface. A second gas jet with smaller
an adverse contaminant of integrated circuits and can even opening of 0.3 mm supplies hydrogen or other gases to the
be deposited directly on silicon, same area. There is no heater on the gas jets, the precursor

1826 J. Vee. SC. Technol. EU (6), Nov/Dec IWO 0734.211X/90/061826-4S01.00 10 American Vacuum Society 1$26
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i as expands into vacuum at room temperature. The sample
is mounted on either a plain stage or a heated stage.

Platinum films are deposited on substrates, such as Si,
SiO 2, or Al. The composition of these films is analyzed by
Auger electron spectroscopy. The auger results give fairly
accurate comparison among different samples. Because of
lack of standard sample for concentration calibration, the
composition values are accurate to only ± 10% to 30%. j:
Film thickness is measured by scanning electron microscopy () (b) (),

(SEM) and by stylus profilometry. Resistivity is measured
- y using a four-point probe, i.e., by depositing a stripe of the Is
film across four metal fingers previously patterned on the 1 l,

sample surface. The microstructure of the films is examined O Pt Fft

by high resolution scanning electron microscope (SEM)
and transmission electron microscope (TEM). For TEM
sample preparation, films are directly deposited onto 0.1-
Am-thick silicon nitride membranes.

Ill. RESULTS AND DISCUSSION ED
A. Deposition on flat surface

Figures 1 (a)-I (c) shows platinum deposition on a silicon
dioxide substrate. The Pt line is written by a 35-keV Ga ion
beam with current of 20 pA over a length of 22 Am. For .,
comparison, a milling line achieved by scanning the ion .
beam without introduction of Pt precursor is shown (a).
The identical line width (0. 3MAm) and ripples from oscilla- Am o A us . .

tion of scan signals suggest that the deposition linewidth is
limited by ion beam diameter and a finer structure is possible
if the ion beam size is reduced. Transmission electron mi- (d)
croscopy, Fig. 1 (d), shows Pt films grown by focused ion S nn
beam induced deposition are amorphous while gold films FiO. 1. Platinum deposition induced by focused ion beam on a silicon diox- a

have polycrystalline microstructure. ". s Figure 2(a) shows ide 0.1 pm thick on a silicon substrate. (a) A milling only. No Pt precursor

the resistivity of platinum films as a function of ion line dose gas introduced. Ripples are from oscillations of scan signal; (b) Pt depo-
at various ion beam currents. At very low ion doses, the films sition with line width 0.3 pm. Ripples imply that platinum deposition with

are so thin and discontinuous that the resistivity is high. The even finer structure is possible;, (c) cross section of Pt deposition; (d) trans- a

resistivity of Pt films gradually decreases as the total ion dose mission electron microscopy of Pt films grown by focused ion beam induced
deposition.

increases, or, as the film thickness increases. For the same
thickness samples, the filIn resistivity decreases as the ion
beam current increases. In fact, the lowest resistivity of 70
pfl cm is observed at the highest ion beam current of 222

measurements. A similar trend is also reported for goldpA. The resistivity of bulk Pt is 10.4 Ail cm. Figure 2 (b) films. 1.14€.

shows the Pt film deposition yield as a function of ion beam fs0
current. The yield is defined as a ratio of number of Pt atoms Deposition by higher ion beam currents is of practical im-

being deposited per ion, assuming that the film consists of portance, because of not only lower resistivity and higher
only pure platinum. The yield does not vary much as ion content of platinum, but also a higher growth rate of the film

beam current increases except when the ion beam density is which is achieved at long as the ion current is not so large as

so large that the adsorbed Pt precursor is depleted, and spu to deplete the adsorbed precursor molecules.

tering begins to dominate. Figure 3 shows Auger electron
spectroscopy results of film composition as a function of ion B. Deposition in ion milled trench
beam current. The Pt films are deposited on an area of 8 X 8 In packed IC chips, metals leads are usually buried be-
Am2 on silicon dioxide. At ion currents larger than 80 pA neath insulating layers. Many ICs in fact have multilayer
sputtering instead of deposition occurs. The Auger results conductor structures. To repair or reconstruct such multi-
are recorded after sputtering away several layers of surface layers, first a hole or a trench can be milled by a focused ion
atoms until the carbon concentration stays constant. Figure beam deep into the desired region, and then connections can
3 demonstrates rapid decrease of carbon content and in- be made by filling in the hole using ion induced metal depo-
crease of platinum in the film composition as the ion beam sition. Thus the study of metal deposition in such con-
current increases. The highest content of platinum in the strained space is of interest.
film is 46 Pt% (Ga 28%, r 24%, 0 2%) at an ion beam Figure 4 shows platinum deposition process in a focused
current 78 pA. These results are consistent with resistivity ion milled trench. On a substrate composed of a sandwich of f

J. Vac. SC. Technol. 9, VoL . "a.6, NovIOc IWo
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0

. FiG. 4. Platinum deposition in ion milled trench on substrate of aluminum
S 0.0 0.6.2 0.2 (0.2 jm), silicon oxide (0. ljm) and silicon atvarious ion doses. (a) From

Ioncuret 0)left to right. Pt deposit fills up the trench as ion dose increases; (b) schema-
ion crrent(nA)tics of Pt filling process; (c) platinum deposition yield variation as trench

(b) being filled up. Ga ion energy 40 keV, ion beam current 20pA. scan speed 50
FIG. 2. (a) Resistivity of platinum films as a function of ion line dose at cm/s.
various ion beam current; (b) Platinum deposition yield as a function of ion
beam current on silicon oxide. Ga energy 35 keV, scan speed 500 cm/s; line
length 350Mum, substrate at room temperature.

underlying silicon substrate. This kind of structure may also
be useful in the repair x-ray lithography masks. The yield is

aluminum (0.2 /m), silicon oxide (0.1 jum) and silicon, a found to be 34 at the initial stage of deposition as shown in
trench 0.7 um deep is milled by the focused ion beam Fig. 4(c). As the trench is filled up the yield gradually drops
through the sandwich and into silicon with no precursor gas. to an asymptotic value of about 4, which is about the yield on
With the same ion beam and the Pt precursor turned on, the fiat surface. The much larger yield in the constrained space
Pt deposition fills up the trench. A 0.5 pm wide, I pm thick, may be due to interaction of adsorbed precursor molecules
25pm long filling connects the first layer of aluminum with on side wall surfaces with sputtered particles.

Resistivities of Pt deposited on a fiat surface and in an ion
milled trench are measured. Ga ion energy is 35 keV and
current is 222 pA. The resistivity increases from 70 on the

_ _0_ _ fiat surface to 140 pfl cm in the trench, and the yield in-
a- I ' creases from 0.2 to 1.3.

*40
C. Deposition at near grazing Ion Incidence

.30 p Ga
E Damage caused by the ion beam can be an issue, for exam-

20 C' pie, if one were to deposit patterned metal films on samples
prepared by molecular beam epitaxy. Low energy focused

10 .. ion beams have been demonstrated, 6'" but they require
.0 1 floating the samples at high voltage and have larger beam

0 20 40 60 so diameters. The angle of ion incidence is known to strongly
Ion current (pA) affect both sputtering and implantation. The sputtering rate

FIG. 3. Auger measurement of Pt film composition as a function of ion beam generally increases as the angle of incidence departs from the
current on silicon oxide. Ga ion energy 32 keV. deposition area $ X 3 square normal while the implantation depth decreases. Little or no
micron, ion beam scan frequencies: 80 Hz in x; 4.5 kHz iny. damage might be expected at grazing incidence.
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In the case of gold, the resistivity and content of carbon
decreases as substrate temperature during deposition in-
creases. 9 At about 120 "C the resistivity is nearly that of pure
gold while deposition yield does not drop much. The purity
of Pt film does improve as the temperature of the substrate is
raised. But the deposition yield drops effectively to zero, the
film is so thin that no resistivity and thickness measurement

5 pt could be made. This may be due to poor adsorption of plati-
num precursor on the substrate at elevated temperatures.

F~8 -. IV. CONCLUSIONS

tPlatinum deposition induced by a focused ion beam has
PECURSOR been successfully demonstrated. It may find applications in

IC chip repair and possible repair of x-ray lithography
masks. Deposition in trenches and at near grazing incidence
is found to occur with a higher yield.
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Focused ion beam induced deposition of
platinum for repair processes
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Abstract

Focused ion beam induced deposition of platinum from a gas of

(methylcyclopentadientyl) trimethyl platinum has been demonstrated and

used for integrated circuit repair. Ga+ ions in the range of 30-40 keV have

been used, and line widths down to 0.3 un with resistivities as low as 70

p.(cm have been observed. The deposition yield as a function of angle of

incidence has been measured by scanning the ion beam across a 2.6 gim

diameter pyrex rod. The conductors on an actual integrated circuit have been

modified by milling and filling a via to connect two Al lines in a sandwiched

configuration as well as by milling two vias through passivation and

connecting two adjacent Al lines.

Present Address: Teknor Apex Co. Attleboro, MA 02703
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Introduction:

Focused ion beam induced deposition is a process for growing

patterned thin films with submicrometer resolution. A local ambient of an

appropriate precursor gas is created on the surface of a substrate where the ion

beam is incident. Usually this ambient is created using a capillary tube aimed

at the area scanned by the beam. Thus a local pressure can be created up to the

10 mtorr range while a high vacuum (better than - 10-5 to 10-6 torr) exists in

other parts of the chamber that houses the ion column. Deposition occurs

when the ion beam dissociates adsorbed gas molecules, usually metal halides

or organometallics. This process operates equally well with broad ion beams

or finely focused ion beams. Numerous gases have been used as precursors

such as Al (CH3) 3(1), WF6(2) (3), W(CO)6(4) or CTH70 2F6Au (5, 6). The material

deposited often contains a large fraction of impurities such as carbon, oxygen,

and the atom species used for deposition, usually Ga. (For a review of the

subject and citations of the literature see ref. 7). The only metals which

appear to have been deposited with reasonably high purity (-90%) and

resistivity approaching the bulk value are Au(8) (9) and tungsten (3). In most

cases, the impurity content is in the 30% to 50% range and the resistivity

above 150 cm (ref. 7) compared to the expected values for pure metals

which are below 10 p'cm.

Nevertheless, even at this early state of development focused ion beam

induced deposition combined with focused ion beam milling is being used

commercially for the repair of photomasks and is being considered for the

repair of integrated circuits(4), and for the repair of x-ray lithography

masks.(10) Clearly for circuit repair low resistivity deposits are of interest and

for x-ray mask repair high Z, high aspect ratio deposits are needed.
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Platinum is an attractive metal for focused ion beam induced

deposition because, unlike gold, it is not an adverse contaminant of

integrated circuits, and its x-ray absorption is slightly higher than that of gold

and tungsten in the range of interest. We have previously reported focused

ion beam induced deposition of Pt from a precursor gas of

(methylcyclopentadientyl) trimethyl platinum(11). Lines down to 0.3 PM

width were obtained, (limited by system operation not by fundamental

considerations.) and resistivities of 70 to 700 g1cm. Higher ion current

density on the sample resulted in higher purity, lower resistivity films.

Effects of geometry were also reported. For example, the deposition yield

inside a trench 0.5 pm wide 0.7 pgm deep was found to be a factor of 8 higher

than on a flat surface. In both circuit and x-ray mask repair deposition has to

be carried out over highly non-planar surfaces so that angles of incidence of

the ion beam on the surface other than normal have to be considered.

In this paper we will present results of ion beam induced Pt deposition

as a function of incidence angle as well as examples of circuit

interconnections made with combined milling and deposition.

Experimental:

The apparatus used has been described previously (6). It consists of a

focused ion beam column differentially pumped by an ion pump, and a UHV,

ion pumped chamber with a base pressure of 7 x 10-10 torr. See Fig. 1. During

deposition the chamber is pumped by a turbo pump. The two-lens ion

column delivers Ga + ions of energies between 10 and 50 keV at beam

diameters below 0.1 pim. The beam current and minimum diameter can be

changed by selecting a beam defining aperture or by moving the beam

crossover position relative to the aperture. The precursor gas is delivered to
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the surface by a tube with 0.7 mm inside diameter which is connected to a

vessel containing the precursor gas. (Methylcyclopentadientyl) trimethyl

platinum has a vapor pressure at room temperature of 0.054 torr. To measure

resistivity a Pt line is deposited across four lithographically defined conductor

fingers (Al in this case). The fingers are connected to contact pads. The

resistance of integrated circuit repairs is measured directly with two probes

and the series resistance of the Al conductors is subtracted.

Results:

a) Deposition

Figure 2 shows a Pt deposit across an Al conductor on the surface.

By measuring the resistance and the cross section of the line the

resistivity of this particular film, which was grown at 35 kV and a

current of 132 pA, was 300 plcm. The time taken to grow this

line, 0.3 pm wide and 350 rn long, was 25 min. This implies a

yield of 1.2 atoms/ion. Auger analysis of comparable film

revealed a composition of 45% Pt, 25% C, 5% 0, and 30% Ga. By

growing at a higher aveiage current density we were able to

obtain 70 p.(cm films.

b) Dependence on incidence angle

In previous ion induced deposition experiments we noticed that

the growth rate and yield were dependent on the geometry. In

order to quantify this effect we have measured the deposition rate

as a function of angle of incidence by depositing over the surface

of a cylinder as shown in Fig. 3. The cylinder is a pyrex red 2.6

p-m in diameter. The ion beam is scanned across the cylinder

perpendicular to its axis. The precursor gas nozzle is aimed at the
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cylinder in the plane defined by the axis of the ion column and

the axis of the cylinder. As expected the Pt deposits on half of the

circumference which is scanned by the ion beam. Fig. 4 shows the

deposit as seen at various viewing angles in an SEM. By

measuring the profile of the deposit as a function of angle and

calculating the ion current per unit area, which varies from a

maximum at normal incidence to zero at grazing incidence, we

can calculate the yield as a function of angle of incidence as

shown in Fig. 5.

c) Circuit repair

Two types of repairs which use addition of a conductor have

been demonstrated, as shown schematically in Fig. 6: a via

connecting two intersecting conductors and a "jumper"

connecting two parallel conductors. These repairs were carried

out on a power supply circuit. For the connecting via a cavity was

first milled by scanning the ion beam in a rectangle 4 jim by 5 M,

as shown on the right in Fig. 7. The precursor gas was then

introduced, and the cavity was filled with Pt as shown on the left

in Fig. 7. The resistance of this connection was 5 fC and currents

up to 100 mA were passed through it with no apparent damage.

This suggests also that there is no significant contact resistance

between the deposited Pt and the Al.

To connect two parallel conductors which are covered by a

passivation layer, Si3N 4 in this case, two vias are first milled

-5-



4 pm by 4 pm, to expose the Al conductors. With the precursor

gas flowing the ion beam is scanned in a large rectangle 10 pm by

30 pm which spans the two milled out vias. Using a current of

100 pA a film of about 0.08 gm thickness was deposited in 35

minutes. This is not optimized. Given that high resolution is

not required the current can be increased to reduce the writing

time per unit area. The resistance of this connection was 290 Q

due to its limited thickness. (- 0.08 gm) In making this

connection the precursor gas nozzle was aimed from the side in

Fig. 8. If it is aimed from the top or bottom, the vertical parts of

one of the steps will be left uncovered due to shadowing. Note

that in Fig. 8 the coverage at the step appears to be thicker than on

the flat surface, as expected from our previous results, Fig. 5. We

have carried out other repairs where conductors were cut by

milling and no degradation of adjacent devices was observed.
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Conclusions:

Focused ion beam induced deposition of Pt (with C and Ga as

impurities) has been demonstrated down to line widths of 0.3 jim. The yield

has been measured as a function of angle of incidence and found to increase

rapidly as the grazing angle is approached. Connection of conductors by local

deposition of Pt as a circuit repair technique has been demonstrated for

crossing metal lines separated by an insulator (SiO 2) or for adjacent lines

covered by a passivation layer.
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Figure Captions:

Fig. 1 - Schematic of apparatus for focused ion beam induced deposition.

Fig. 2 A 0.3 pm wide platinum line deposited across an Al conductor.

Fig. 3 Schematic of focused ion beam induced Pt deposition across a pyrex
cylinder.

Fig. 4 SEM pictures of the Pt deposition on a 2.6 pm diameter pyrex fiber.
The xiber is shown at various angles: 900 is top view where the
profile of the depositon is seen in the case of glancing ion beam
incidence, 00 shows the profile of the deposit at normal ion beam
incidence. Lower figure shows a scale drawing of the measured Pt
thickness. The deposition was carried out at 32 keV 25 Pa, with the
beam scanned at 5 kHz over a length of 24 pm for
8 minutes.

Fig. 5 Yield of the platinum deposition as a function of angle of incidence,
0, calculated by dividing the relative thickness of the deposit as
measured in Fig. 4 by cosO.

Fig. 6 On the left is shown a schematic of platinum plug in focused ion
beam milled via connecting two intersecting conductors. On the
right is a schematic of a Pt connection made between two adjacent
conductbrs.

Fig. 7 On the right is an SEM of a rectangular via milled down to the
second conductor. On the left is the same via filled with Pt.

Fig. 8 SEM of a "jumper" of deposited Pt connecting two adjacent
conductors. On the right is a closeup of one of the via milled and
filled through the passivation.
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Fig. 7 On the right is an SEM of a rectangular via milled down to the
second conductor. On the left is the same via filled with Pt.
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Fig. 8 SEM of a "jumper" of deposited Pt connecting two adjacent
conductors. On the right is a closeup of one of the via milled and
filled through the passivation.
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