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SECTION 1

INTROBUCTTON

This is the first interim technical report in the Direct-Write Ion

Lithography program. The overail objective of this program is to conduct

a theoretical and experimental study directed toward utilizing liquid metal

ion sources in an ion-beam accelerating and focusing column that is

designed for performing direct-write ion-beam lithography. The program is

directed into four technical tasks:

(1) Optimal :or source for resist exposure

(2) Electrostatic scanning

(3) Alignment techniques

(4) Ion lithography column design.

Task 1 will determine the optimal ion source for direct-write ion
lithography. The optimal ion species and energy for resist exposure will
be investigated. Resist-exposure experiments will be performed with can-
didate liquid-metal ion sources and focused ion beams, as well as with
ion-transmission masks and conventional ion sources. In parallel with
the resist—exposure investigation, the technology of liquid-metal ion
sources will be explored to determine which ion species can be produced.
From these, the ion species that is optimal for resist exposure will be
chosen. A liquid-metal source of the chosen ion species will be fabri-
cated to demonstrate focused-ion—-beam resist exposure. Sample exposures
will be delivered to RADC/ESE.

Task 2 will investigate the maximum "distortion-free" electrostatic
scan field. A theoretical analysis will be made to determine the
dynamic correction signals that can be applied to tae final-focusing
lens and the deflector to minimize the deflection aberrations. The size
of the scan field in our focusing column will be¢ measured with and with-
out application of the most significzat (field curvature) dynamic cor-
rection. Task 3 will investigate alignment techniques for direct~write

ion lithography. Expariments will be perfeormed to evaluate the use of
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secondary—-electron detection and of photon detection for the location of
alignment marks by the focused beam. Task 4 will develop the design of
an ion-focusing column and interface that can replace the E-beam column
on the existing RADC/ESE E-beam mask fabrication system. A theoretical
ion-optical design will be made of the column elements. Then mechanical
designs of the column and interface will be developed and layout drawings
prepared. The column and interface electronics will be specified in
block-diagram form. A design review will be held, and, after approval
has been obtained, the cost of constructing the focusing column and inter—
face will be estimated.

The tasks will be pursued over a 30-month period in accordance with
the proposed phasing schedule, shown in Figure 1. Consequently, the
first 15 months of the program deal solely with Task 1. At the end of

this period, the remaining tasks will begin in parallel.
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SECTION 2

SIARY

The past two quarters of the Direct-Write lon Lithography program
were devoted to an investigation of optimun ion species, ion sources,
and ion resist exposures. Since a practical ion focusing column
will be limited to %150 k¥, only singly charged jons up to mass 20 (necon)
and doubly charged ions -1p te mass 31 (phosphorus) were considered ade-
quate to expose resist thicknesses of 0.5 ym or more.

In addition to range considerations, candidate ion species must be
extracted from materials (in elemental or alley forms) thar have low
vapor pressure and are liquid metals. Of the single eclemental materials,
only lithium appears compatible with liquid-metal ion-source operation
(i.e., low vapor pressure at its melting point). The main disadvantage
of lithium is its extreme reactivity in a non—inert atmosphere. Because
of this great propensity for contamination, lithium may prove to be
unsuitable as a practical material for an ion focusing column.

Several alloved materials for icn—source operation were also tested.
The use of allovs enlarges the number of elements that can be ionized by
producing suitable moiten metals from elements that individually have
prohibitively high meiting points andfor vapor pressures. These include
Au-Be and B-Pt, in addition to the previously investigated Au-Si. Au-Be
is a good choice since a high percentage of bervlilium can be used
(50 at.Z%Z) and because the emitted beryvliium ions are mainly doubly
charged (for maximum range). The BE~Pt eutectic was also investigated
as a possible source material for resist exposure. Although the ranze

boron in resist is good {1 um at 150 kV), the use of a dopant ic

Q
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e
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probably nor optimum if the range of the ions transmitted into the
substrate is significant. The effects on the substrate of impurity
deposition and crystal damage are problem areas that will be investigated
for all ion species under consideration. For silicon subs
tamination can be eliminated by using Si ions. The Au-5i e
alloy, used previously at HRL to produce §i , is considered a go

candidate for resist exposure. aAnother possible alloy for re
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rbon ions are mostly emitted doubly

exposure is the C-La eutectic. Ca
charged and would thus have sufficient range. Again, the effect of
carbon impurities, if any, will need to be investigated.

Ion exposure of PMMA was begun using bot
beams. Since Be and Si ions appear to be two oromising candidates for
resist exposure, the range of these two ion species in PMMA was
determined.

Using the conventional HRL 300-kV ion-implontation machine, PIBA
e\posureb Eere pade through 3 1.0-mm-dizmeter pirhole for both Be
Si . For Si , the beam energy was varied from 150 to 250 ke¥ vwhile for
Be+ the beam energy was varied from 50 to 100 keV. For both species,

a 2
doses in the range of i to 3 x 1013 fons/cm  were used. The results show
that, for singly charged Be ions, 2 0.5-=m depth of resist can be
exposed with a beam energy of 60 to 80 keV, depending cn dose, while
the same thickness of resist car be exzposed with Si ions in the range
of 175 to 200 keV, again depending on dese.

PMMA exposures were also made in the single~lems focusing column
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using the Au-Be ion source. The rescolution of the §

to be comparable to that of gallium. Lines 100 y= long were cxposed
b ]

with the focused beam at doses ranging from 3 to 30 x 1077 Be [Jem™

12 ++ 2 .. ..
doses above %9 x 10 fcm™, the gold ions began polymerizing the

tion of depth profiles is presently underway.
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SECTIOX 3

TECHNICAL PROGRESS OX TASK 1

A. OPTIMUM ION SPECIES

Work during the past two quarters was devoted to an evaluation of
various ion species that could be used in an ion-lithography columm.
Although protons would be a good choice for such a systez, no liquid-zetal
source of protons is presently available. The liquid =etal ion source,
on the other hand, is capable of generating a wide variety of other
species. 1T is a relatively sicple source, can be repeatedly vented
to atmosphere with no deterioration, and does not require an ultra-high-
vacuum syvstem. The liquid-metal source has deconstrated very smail
focused spots with high current density (500~ diaceter at 5 Afcaz has
been achieved at HRL)}. A disadvantage of this type of source is that
it does not operate on gaseous or high-vapor-pressure =aterials.

A practical ion-lithography column should have an operating volt-
age that does not exceed 150 RV. Bevend this range, high-voltage stand-
off, arcing damage, and component_isolation become more of a problen.
This voltage constraint icplies that only light elements can be used to
penetrate and expese any reasonable thickness of resist. Resist-pattern
features with depth-to-width aspect ratios greater than 2:1 are desired.
Since spot diameters in the range of 1000 rto 2000 A are anticipated,
the resist thickness should be 5000 i. Theoretical ranges are given
in Ref. 1 for varicus ioas in czeaé {representative of PMMA). or singly
charged ions, ele=ents with mass 20 (Ye) or less should de used, while
doubly charged ion species can extend to approximately mass 31 {P}. Pri-

mary considerations in choosing an ion species for moltem sources are

appropriate and can result in significantly lower operating temperatures.
The remainder of this section discusses the various ionic species appro-
priate for an ion-lithographv columm, beth single elezent and multiele-

ment (alloved), and lists the advantiges and disadvantages of each.
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The evaluation of alloy materials involves preparing the alloy,
«otting the needle structure with the alloy, and then operating rhe ion
source in the einzel-lens column to obtain a mass spectrum, A schematic
of the einzel lens focusing column with the ExB separator is shown in

Figure 3.

a. Beryllium~Gold

A partial phase diagram from Hansen3 for the Au-Be system is
shown in Figure 4. Since the vapor pressure of beryllium is not appre-
ciable at 800°C, beryllium concentrations of up to 50 at.% appear feasi-
ble. 1Two compositions of the alloy were made; the first contained 40 at.Z
Be and had a melting point of Vv600°C, while the second consisted of
50 at.% Be and had a melting point of “v750°C. Mass spectra for both
alloys were obtained using the einzel lens focusing column; the results
are shown in Figures 5 and 6. The Bé++ ion current comprised v30% of
the total current for the first alloy and Vv42%Z for the second alloy.
Thus, the Be¢-Au alloys with their moderate operating temperatures and
high Be++ percentages appear to be particularly attractive for resist
exposure,

Although the alloys appeared to wet the needle structure properly,
the source operation was erratic when compared with the standard gallium
ion source. Thus, an investigation into alternate source structures

was begun; the new source is discussed below,
b. Gold-Silicon

The use of the gold-silicon eutectic alloy as a source
material was investigated during the past year. We found it to operate
satisfactorily with spot sizes comparable to those of gallium. The mass
spectrum, given in Figure 7, shows that an appreciable portion of the
total beam current is Si++. The phase diagram for the Au-Si system,
given in Figure 8, shows that the silicon content can be increased to
ng5% at 1000°C. No problems are expected in operating at this tempera-
ture, and tests are planned to investigate this higher-Si-ratio alloy.
The main advantage in using silicon is that it will not introduce addi-

tional impurities into silicon substrates. In addition, since the
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column.
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majority of the silicon ions are doubly charged, a 150-kV column

should be adequate for a resist thickness of 0.5 pm.

Ce. Boron—-Platinum

We recently investigated the B~Pt eutectic alloy as a source
material for boron doping and as a possible candidate for resist expos-—
. 4 . . .
ure., The phase diagram for B-Pt is shown in Figure 9, and a mass

spectrum of B is shown in Figure 10. An interesting aspect of this

Pt
28 772
system is that it can be used for simultaneous resist exposure and
doping of the underlying substrate. In most practical applications, how-
ever, since any introduction of dopant ions into the substrate would not

be favorable, the use of boron would be limited.

d. Carbon—-Lanthanum

An interesting alloy for producing carbon ions is the La-C
system; a phase diagram3 is shown in Figure 11. Approximately 15 at.Z%
carbon appears feasible with the carbon being emitted primarily as

doubly charged ions and the lanthanum mostly as doubly and triply charged

ions.5 An alloy will be prepared during the next quarter and tested on

a standard ion source structure. A mass spectrum will also be obtained.
e. Gold-Lithium

Alloying lithium with gold may be a technique for reducing

the reactivity of lithium. Approximately 15 at.Z gold can be added to
lithium before the temperature for lithium evaporation becomes signifi-
cant (v300°C). If handling pure lithium proves to be too cumbersome,

this alloy will be investigated in more detail.

B. ION SOURCE FABRICATION

Since a new ion source will be fabricated under Task 1, we
began an investigation of a needle and heater geometry optimized for
the alloys and elements used for resist exposure. In general terms,
the critical voltage at which ion emission first occurs from a LM

source is dependent on electrode geometry and surface tension of the
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liquid material. The formarion of a Taylor cone,
and field ionization have been discussed by others and are felt

the basic processes involved in LM ionization. However, several

ofher

factors must be considered for long-term stability of an ifon source when

in use in a practical focusing column; these include:

® Acbient vacuum conditions, including backsputteriag
effects

® Xeedle size

® Reservoir geometry and position with respect o the
needle

L ] Reactivity of the liquid metal with the ncedle, partice-

larly at higher opera<ing temperatures.

As nentioned above, the Au-Be alloy is not as stable as Ga when operated

on tne standard HRL ion-source structure. At low currents (below 20 .4a),

the source extinguishes after several cinutes of operation and then

requires a higher cxtraction voltage to re-start. This type of
tion suggests an interruption in the filow along the needle shaft
appears to be common to the high-surface-tension materials, The
needle-heater geometry shown in Figure 12 was fabricated. This
provides an adequate reservoir of molten metal near the needle's
is also verv efficient in terms of powir requiremenis. The best
with this geometry werc obtained when the diametier of the ncedle

reduced from 0.38 mm to 0.15 m. Although the new structure has

opera-

and

been operated in the focusing column, the tests to date show a2 marked

improvement in source stability. Tests will continue during the

quarter to better characterize the source and to determine its compati-

bility with other materials that will be used for resist exposure.

C. RESIST STUDY

lon exposure of PMMA was begun during the past quarter using both

flood and focused ion beans. Since silicon and beryllium ions appear to

be two promising candidates for resist exposure, the tesis were con-

—-— S
ducted using Si and Be for the flood beam experizments and the Au-Be

alloy for the focused bean experiments.
23
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Using conventional HRL ion=implatnation cquipment, PMMA cxposures
were made through a 1l.0-mm-diameter aperture tor both Si+ and Be+. In
the case of Si+, the beam energy varied from 150 to 250 keV with Si+ and
from 50 to 100 keV with Be+. The doses for both cases were in the
1l to 3 x 1013 ions/cm2 range. The results are shown in Figures 13 and 14,

where the depth of exposed resist is plotted first as a function of

beam energy and then as a function of dose. For reference, some pre-
vious HRL proton exposures are also shown. The developer was 30%

development time was 60 sec for all except one. The exception was the
1x 1013 H+/cm2 exposure, which had a development time of 360 sec. The
depth measurements were made by running the stylus of a Sloan Dektak
across each exposed spot. For the Be+ and Si+ exposures, development
times greater than 60 sec did not appear to result in any significant
increase in exposed depth. Thus, by proper selection of energy and dose,
the depth of exposed resist can be controlled over a fairly wide range.
Using the Be&O—Au60 alloy, similar experiments were performed in
the single-lens focusing column to determine primurily the effects of
the unseparated beam on resist exposure. Although the column potential
was fixed at 55 keV, the dose could be varied over a very wide range.
Line scans 100 um long were drawn in l-um-thick PMMA at scan speeds
ranging from 2 usec/pt to 20 usecc/pt. As before, the development time
in 30% MIBK was 60 sec. The resulting developed pattern is shown in
Figure 15. The lines on the left side of the pattern were done at lower
doses (fast scan speeds), while the lines at the right were done at

higher doses. As can be seen, thc resist began to polymerize dve to the

heavy gold dose after about the third line scan. SEM photographs of

i

e

the lines are shown in Figure 16 through 19. These lines, exposed with
a total source current of V20 UA, resulted in a linewidth at the fastest

(<]
scan speed of V4000 A. This beam size is in good agreement with the

P
L Y L

gallium ion source., Although the ion current in the single-lens column

was not accurately measured, a reasonable estimate indicates a Be

dose of 3 x 1012 Be++/cm2 for Figure 16 and a dose of 6 x ]012 Be++/cm2
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at doses of V9 x 1012 Bc++/cm2 and ‘v12 x 1012 Bc+f/cmz, respectively, A
preliminary depth evaluation of tne low-dose line reveals an exposed
channel 3000 R deep. SEM techniques are presently being refined to

: obtain a detailed edge profile. Figure 20 shows a low-dose (V3 x 1012
Be++/cm2) line exposed with a source current of V10 pA. The linewidth

in this case is V3000 K, again in good agreement with the Ga and Au-Si

=
=

ion sources.
The low-dose requirement for the Au~Be alloy does not present

any particular problem since exposed depth can be increased simply by

increasing the beam energy. In the case of the Au-Si alloy, however,

i

= the maximum dose may require a column potential in excess of 150 kV to
obtain an appreciable range (V0.5 um). Thus, an investigation of other
aloys, such as Al-3i or Cu-Si, may b2 necessary. Resist exposure with

the Au-Si alloy is planned for next quarter, and more definite conclu-

sions can be made at that time.
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for Figure 17. Figures 18 and 19 show the onsct of top=layer polymerization
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Figure 20.
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Line scan in PMMA; 2 asec/pt with
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SECTION 4

CONCILUS1ONS

Several ions are potential candidates for resist exposure at 150 keV,
X . +2 12 42 + + + .
including 9Be . 1 c -, 118 s 7Li , and 2851 2. Of these, beryllium and
) silicon appear to be the most promising; however, all the ions will

receive further consideration. If alloyed materials prove to bec unsatis-

factory in future tests, lithium appears to be the best choice for a
single-ion species if a suitably inert atmosphere can be provided in a
practical system configuration.

Resist exposure with both flood and focused ion beams indicates
that:

[ Mass~separated beryllium and silicon ions appear to have

sufficient range in PMMA at energies below 150 keV.

° As expected, exposed linewidths in PMMA are a2 function of
beam energy and dose. There is a definite onset of poly-
merization of the resist for the Au, -Be, . alloy at doses

12 o 4+7 .2 60 40
above V9 x 104« Be™/cm=.

® For exposures in which polymerization did not occur,
the linewidths are in good agreement with previous column
operation with gallium. At these lower doses, the
exposed depth can be increased by increasing beam
energy.

® The column potential for silicon ion exposures at maxi-

mum dose (onset of polymerization) may exceed 150 kV.
More detailed study is required.

® Exposed linewidths in PMMA are equal to the focused-
ion-beam diameter. For example, the beam diameter for
these exposurecs was 3000 to 4000 A as determined by

= the lens aperture. By reducing aperture sizg, the

2 beam diameter will decrease to 1000 to 2000 A. We

expect that the linewidths exposed by the smaller spot

will simultaneously decrease to this value, and we will

demonstrate this during the next quarter.
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