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Characteristics of a eutectic boron platinum (Pts,8,,) liquid-metal ion source {(LMIS) were
analyzed and investigated with a quadrupole mass spectrometer (QMS), Auger electron
spectroscopy (AES), and Rutherford backscattering spectroscopy (RBS). The source
characteristics can be explained by the hydrodynamic model, particularly for needle geometry
LMIS. Surface analysis with RBS and AES indicated that more boron is produced in the ion
beam than left in the lquid alloy reservoir and more droplets are produced with a 10-um
emitter tip radius, which reduced boron current in the beam. The source instability was
associated with droplet formation. AES results show that substantial neutral jons were
produced which was not detected by QMS. RBS results on the depleted residual alioy
remaining on the carbon ribbon heater indicated that the cause of the alloy system’s short
lifetime (33 h) is due to a change in afloy stoichiometry to a higher platinum conteant. Three
different emitter tip radii (2.5, 5, and 10 gm) made of graphite were used in the present
investigation. Higher boron current and high stability during ion emission was recorded with
2.5-¢m graphite emitter tip radius than with the 5- or 10-um tip radii.

I. INTRODUCTION

A considerable number of papers have been published
dealing with the application of liguid-metal ion sources
{LMIS) in the focused ion beam (FIB) system. The liquid-
metal ion source is used as a primary source for submicron
level fabrication of IC devices.'™ In the FIB system, a LMIS
is used as a high brightness source for a variety of purposes
such as direct write dopant sources, micromachining, and
photomask repair. Among these ion scurces and their appli-
cations, the boron source is the most difficult one to fabricate
because of its higher melting temperature and associated me-
tallurgical problems. A variety of boron alloys have been
tested as possible boron sources in the FIB system.®® The
binary eutectic of Pt,;B,, was selected for study in this work
hecause of higher boron content in the alloy and relatively
low melting temperature (940 °C) compared to the other
boron sources.®

Preliminary wetting test resuits indicate that Pt B,, al-
loy readily attacks almost any metallic substrate which
makes it more difficult to study source characteristics with
simple hairpin-type LMIS.® Although metallurgically it is
less desirable to use this kind of alloy source as a boron
source, it is worthwhile to examine its characteristics before
aconclusion regarding ifs usefulness can be made. Addition-
ally, it is worthwhile to examine t¢ what extent the problem
associated with this alloy source can be tolerated for FIB
application, by taking into consideration all criteria associat-
ed with this alloy source. For further investigation of Pt B,,
characteristics, it is important first to outline the criteria for
an ideal boron alloy source. A boron-producing alloy scurce
must possess at least seven requirements such as: (1) low
melting temperature, (2) low vapor pressure, (3) more per-
cent of boron produced in the beam than left in the alloy, (4)
long operating lifetime at least greater than 100 h, (5) the
source must not become alloyed with the substrate, (6} high
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stability of "B current, and (7) alloy sources must be of
the binary type.

A good candidate for a boron-producing alioy source
must satisfy at least five of the seven requirements as just
outlined. Since the Pt B, alloy source has already met four
of the seven requirements, we therefore report on the re-
maining criteria such as percent of boron in the beam, source
lifetime, and source stability. We also report on the effect of
emitter tip radius on the source characteristics from the hy-
drodynamic point of view.

. DUAL CARBON FILAMENT LIGUID-METAL ION
SCURCE

The boron LMIS design, shown in Fig. 1, is known as 2
dual carbon filament liquid-metal fon source. The scurce
was built and developed at the CIE-RP] laboratory and con-
sists of a 10-kV, 15-A, three-wire electrical feedthrough on a
23 -in. CF flange with a ceramic (MACOR ) insulator.” This
type of LMIS incorporated two graphite ribbon filaments
instead of one and has been tested for its reliability with a
Pd;;B,, alloy for more than 120 h.” Two graphite ribbon
filaments are more stable than a single graphite ribbon fila-
ment and provide a stable liguid-metal flow from reservoir to
the emitter tip. For the Pty,B,, boron-producing alloy, a
silicon-coated graphite emitter was used exclusively because
of intolerable metallurgical characteristics of this alloy to
dissolve almost all refractory metallic emitter substrates.
The graphite emitter needle is anchored in the upper graph-
ite ribbon filament. The graphite emitter needles were shar-
pened to 2.3, 3.0, and 10 zm by mechanical grinding and by
fiame etching.

The alloy, in the form of a small “lump” of 2 mm® size,
was loaded by inserting between the graphite ribbons at
room temperature and atmospheric pressure, followed by
melting in vactum at 1077 Torr to wet the needle. A typical
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FIG. 1. Dual carbon liquid-metal ion source.

input heater power in the range of 50-80 W was required to
melt the alloy and maintain the liguid flow to the emitter tip.

it5. RESULTS AND DISCUSSION
A, Binary boron platinum (PisB,,) LAMIS characteristics

Figures 2-4 show current-voltage characteristics for
three different emitter tips of 2.5, 5.0, and 10 um radii. The
threshold voitage and the ion current at the threshold vol-
tage increases with ernitter tip radius, and the slope (df /&¥V)
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FIG. 2. Current-voltage characteristics of Pts,B,, LMIS for 2.5-um emit-
ter.
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FIG. 3. Current-voltage characteristics of PtsB,, LMIS for 5.0-um emit-
ter.

at the threshold voltage also increases with emitter tip radi-
us. A similar characteristic has been reported for a liquid-
gold ion source which suggests that ion emission is not con-
trolled by space-charge effects but rather is determined by
figuid fiow impedance along the needle emitter.'®!! In other
words, if the space-charge effects at the apex of the Taylor
cone Hmit the ion emission rate, the J-¥V characteristics
would not depend on the geometry of the needle, and univer-
sal 7-¥ curves would be observed.! The experimental cur-
rent-voltage characteristics presented in this paper basically
agree with the calculations given in Ref. 11. The calcula-
tions'! do not predict the magnitude of the emitted ion cur-
rent which depends on the emitter tip radius as observed
here. [See Figs. 5(a)-5(c).]

Figures 5(a) and 5(b) show current-time measure-
ments for two different emitter tip radii at constant applied
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FIG. 4. Current-voltage characteristics of PtsgB,, LMIS for 10-um emitter.
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FIG. 5. Y'B " current vs time measurement of Pt B, LMIS recorded (a)
for 2.5-pm emitter tip radius after 33-h test run, (b) for 5.0-um emitter tip
radius after 2-h test run, (c) for 10~pm emitter tip radius after 2-h test run.

voltage (7 keV). The large current drift (6%) was observed
with 2.5-m emitter tip, but the recorded boren M'B* cur-
rent is higher compared to the two other emitter tip radii (5
and 10 gm). The lower boron current recorded with 5- and
10-um emitter tip radii suggests that a substantial number of
neutral atoms and droplets must have formed during emis-
sion, which reduces the amount of !B current in the beam.
The drift and decrease in !B current is shown more clearly
by recording a repeat spectrum of *'B™ with time up to 15
min. The recorded 'B* current variation with time for both
2.5- and 5.0-um emitter tip radii are shown more clearly in
Figs. 6{2) and 6(b). The variation in current is caused by
liquid-metal flow impedance such as mass flowrate, Taylor
cone apex radius, and changes in the effective Hquid-film
thickness. This result was well explained with the hydrody-
namic model of Ga LMIS proposed earlier,'' and may be the
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FIG. 6. Repeat scanning of PtsB,, LMIS mass spectrum recorded (a) for
2.5-pm emitter tip radius after 8-h test run, (b) for 5.0-um emitter tip radius
after 8-h test run.

reason for the steep stope of ''B™ current-voltage character-
istics shown in Fig. 2, which causes larger current drift {see
Fig. 5(a)]. The hydrodynamics limitation was evident from
reports of extremely steep I-V curves (large d¥ /dV) ob-
served for nozzle geometry ion sources,'” and suggests that
although the stability depends on the hydrodynamic factors
of flow of liquid metal to the emitter tip, the emitter radius
does play an important role in the magnitude of current
emission. The result is shown in Fig. 7 measured with a 23C-
4#m retractable aperture in front of the beam path. Lower
current density was recorded with larger emitter tip radius
due to droplets and neutral emissions. Figure 8 shows a long-
term stability measurement of *'B™ current at constant ap-
plied voitage for three different emitter tip radii. The source
lifetime and stability are the most important critical mea-
surements on scurce characteristics and operating proper-
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FIG. 7. "B * LMIS current density vs emitter tip radius.
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ties. Therefore, although short-term stability measurements
may appear encouraging, this alone does not define the over-
all performance of LMIS for FIB applications.

From long-term stabiiity results, we observed very sta-
ble '"B* current recorded with a 2.5-um radius tip up to 26
k. The "B current drift during its lifetime is fess than 2%.
Hence, adding to the model for reducing the ion energy
spread in the LMIS, as suggested earlier'! for focused ion
beam applications, one must be more concerned about the
formation of droplets and neutral atoms in the beam by vary-
ing emitter tip radivs in order to produce lower current den-
sity at the target (wafer), as suggested in Ref. 11, to mini-
mize chromatic aberration. In other words, lowering fiow
impedance by increasing the emitter tip radius would not be
a good approack to minimize current deasity in order to
achieve lower chromatic aberration, since this causes more
droplets and neutral atoms to be produced. The experimen-
tal evidence which supports the concept of lowering chro-
matic aberration by reducing current density at the target
{wafer) has been reported for sources operating at a series of
temperatures.'® The evidence suggests that as the tempera-
ture was decreased, the energy spread decreased which was
attributed in Ref. 11 to an increase in surface tension and
viscosity with decreasing temperature. The results obtained
with binary boron platinum (Pt.3B,,) agree with the general
guideline given in Ref. 11, that is, to have minimum energy
spread for a given liquid meta! one must have (1 current as
low as possible, {2) ternperature as low as possible, and (3}
the needle must have a small radius and smooth surfaces.

TABLE I Pt,,B,, LMIS current and lifetime measured by quadrupole
mass spectrometer.

Current
(107 pA)
Tip radivs Lifetime Charge
{m} (h) Ign Ir (1077 C)
2.5 26 445 2.07 41.6
5.0 8 2.76 6.83 7.95
10 26 2.30 545 21.5
881 J. Appl. Phys,, Vol. 63, No. 3, 1 February 1888

TABLE II. Average Pi,,B,, LMIS current ratio measured by guadrupole
mass spectrometer.

Beam current ratio

(%}
Ign Ige Tgn I
Tip radius
(pm) By Lo Frar Ty +Ton
2.5 28 13.78 49.1 219
5.0° 254 10.2 40.4 20.2
100 30.4 12.8 42.2 23.3

% Fgrr /g = 2.9,

Table I summarizes the results obtained with three dif-
ferent emitter tip radii. & lfetime of 26 h was recorded for
both 2.5- and 10-um emitter tip radii, except for 5.0-um
emitter tip which ceased operating in z lifetime test by me-
chanical faiture. The average "B current recorded for both
2.5- and 10-m emitter tip radii are 0.44 and 0.23 yA, re-
spectively. Table 11 tabulates relative percent abundance of
boron isctope ratio and the ratio of isctopes with the total
current. Table I tabulates the ''B™ current for three emit-
ter tip radii measured directly from the source as well as
through a small aperture of 25C um. The current density and
brightness were calculated by first assuming that the virtual
source emitting area is a cusp formed from a protruded Tay-
lor cone, which is in the order of 100 times less than the
actual emitter tip radius, which is a reasonable assumption
based upon evidence observed with transmission electron
microscope (TEM).'" Under this assumption, the solid
angle can be calculated and gives the value 7.8 X 1072 rad.
By knowing the solid angle and current density, the bright-
ness for each source can be calculated. The resul shows that
higher brightness and stability occurs with smaller emitter
tip radius. Further analysis of the presence of droplets and
neutral atoms is given in Sec. {II B on mass speciroscopy and
surface analysis of LMIS.

B. Mass spectrum and surface analysis of ion beam
deposit

A typical mass spectrum of PisB,, LMIS recorded
after an 8-h test run is shown in Fig. 9(a). The emitter tip
radiusis 2.5 um, the scan width is set at 140 amu with a scan
rate of 1 amu/s. The **S$i* and 2%8i* * appear in the spec-

TABLE III. Pi,,B,, LMIS current measured by quadrupole mass spec-
trometer.

Current®
{107° A) Current density® Brightness®
Tip radius (1079 A/em®) (107 A/cm®/sr)
(g} Iy T ® Fi Bg
2.5 445 2.5 5.09 5.64
5.0 276 1.93 3.94 1.28
10.0 230 0.67 1.37 0.11

*Current measured with a 250-um retractable aperture,
® Assumed that the virtual source cusp emitting area is {00 times less than
the tip radius. This gives calcalated solid angle of 7.81 X 1077 rad.

Higuchi-Rusli ef af. 881



Plg B,y LWIS {Emitter Tip Radivs: 2.5 pm)

;‘_C;
: Hg
2
3=
[
&
&
@ )
z [91 eo} S“B“ si+ gi*+* B¢ s
z N _A
e
140 o8 0 28 1411 1
MASS NUMBER
{a}
?953 842 LMIS {Emitter tip radius: i0 um}
&
>
£
2 il ¢
e B
= et
% 10
w Py 8
Z A
._ |
195 97.5 it
MASS RUMBER

(b}

FIG. 9. Mass spectrum of PtssB,, LMIS recorded (a) for 2.5-um emitter tip
radius after 8-h test run, (b) for 5.0-em emitter tip radius after 20-h test
rum.

trum as a result of coating the graphite emitter with silicon to
promote wetting between the Pt B,, liguid alloy and the
graphite emitter. The boron isotopic ratio shown in Fig.
9(a) is quite close and consistent with the known natural
boron isotope abundance ratio. A slight peak height vari-
ation of V!B and *B™ does cccur with different emitter tip
radii after more than a 20-h test run which might be duetoa
variation in energy spread. Figure 9(b) shows a mass spec-
trum of P, B,, LMIS taken after a 20-h test run. The scan-
ning width in this spectrum was set at 210 amu on the moni-
tor screen, and the scanning rate was set at 1 amu/s. Onecan
notice that the peak intensity of singly ionized platinum
[Fig. 9(b) ] is quite low when compared to the peak intensity
of doubly ionized platinum. The most probable reason for
this is due to a different charge of ions and different numbers
of secondary electrons produced in the electron multiplier.
Even ions of the same mass and charge ratio may produce a
different number of secondary electrons in striking the first
dynode, and hence, will give different current peak height.
Formation of neutral platinum may alsc contribute to lower
Pt™ current in the beam, and more platinum 1n the liquid
alloy. Silicon singly and doubly ionized ions were not ob-
served due o an expanded horizontal scale which reduces
the recorder sensitivity. Figures 10(a) and 16{b) show a
similar spectrum for a 10-pm emitter tip radius at a lower
scanning width of 140 amu taken after a 2- and 26-h test
runs, respectively. An interesting observation {o mention
here is that the peak intensity of singly ionized platinum is
low and is very difficult to record after a 26-h test run. The
observed peak intensity of singly ionized platinum is almost
the same as that shown in Fig. $(b).
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Table IV tabulates various elements detected by the
QMS for three emitter tip radii of 2.5, 5.0, and 10 gem, respec-
tively. The average ''B™ currents are 0.45, (.28, and 0.20
pA, and the total currents detected (i.e., addition of all
peaks) are 0.93, 0.72, and 0.43 uA, respectively. From the
tabulated elements in Table IV, the (B/Pt) beam is larger
than the (B/Pt) alloy for those three emitter tip radii, and
there is a clear indication that during the test run, more bo-
ron ious were produced in the beam than left behind in the
liguid-alloy reservoir at the source. Subseqguently, more de-
tailed analyses of beam compositions were carried out with
RBS. This was done by placing a clean silicon substrate be-
low the source to collect the beam deposit for analysis to
verify the stoichiometry ratio of the film deposit with the

TABLE IV. Percent abundance of various elements in beam for Pt-B alloy
on carbon emitter measured with guadrupole mass specirometer.

Current Abundance
Elements (1072 A) (%)
og+ 12° 7.0° 7.0° 12.9* 9.7 16.3°
g 45 28 20 48.4 38.9 46.5
B+ 1.0 4.1
SitH 40 4.0 4.0 4.3 5.6 9.3
Si* 30 2.0 2.0 32 2.8 4.6
SiB* 2.0 1.0 2.1 1.4
19Apyt+ 6.0 5.0 4.0 6.4 6.9 $.3
195pg+ + 9.0 10.0 3.0 9.7 13.9 7.0
Sepy+ -+ 7.0 10.0 20 7.5 139 4.6
AP+ + 5.0 4.0 1.0 54 5.6 23
*Total beam current is 0.93 A, emitter tip radius 2.5 um.
" Total beam current is 0.72 uA, emitter tip radius 5.0 ggm.
“Total beam current is 0.43 uA, emitter tip radius 10.0 um.
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FIG. 11. RBS spectrum of LMIS deposit from 10-um emitser tip radius at
Vi = 8.2keV.

stoichiometry ratio in the alloy. Figures 11 and 12 show the
RBS results of a deposited film from the B-Pt alloy source.
The emitter tip radius was 10 gm. In this analysis, two sili-
con substrates were used to analyze the stoichiometry of the
beam deposit at two different source-applied voltages of 8.2
and &.5 keV. Two different applied voltages were used to
siudy whether or not there is a significant variation in the
stoichioretry ratio between alloy source and film deposit.
The calculated stoichiometry ratio of the deposit from RBS
resulting after a 3-h deposition are Pt,sBos and Pt, B, at
applied voltages of 8.2 and 8.5 keV, respectively. These re-
sults give additional convincing evidence that more boron is
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FiG. 13. B-Pt constitution phase diagram (Ref. 15).

produced in the beam than left behind in the liquid-alloy
source reservoir. The boron-platinum binary phase diagram
isshown in Fig. 13, and gives an approximate phase constitu-
ent for these composition ranges of Pt,;B,5 and Pt;, B At
400 °C, these compositions are not stable and exist as two
phases of Pt,B + (alpha-beta). The LMIS had an observed
lifetime of 33 h and was recorded on the QMS only up to 26
h. After a 33-h run, the alloy melt ceased to flow from the
reservoir to the emitter tip which we believe is due to a
change in alloy stoichiometry to a platinum-rich compo-
nent. The residual alloy in the reservoir was subsequently
analyzed with RBS and at the same time, a reference alloy B-
Pt (not tested as a liguid-metal source alloy) was analyzed
for comparison purposes. Figure 14 shows RBS spectra of
both tested and reference samples. The incident ion used is
helium at energy £ = 2.0 MeV. This energy would give a
different backscattering energy compared to the previous
RBS result of thin-film deposit using 1.5-MeV helium ions.
Since the residual deposit is thick, the backscatiering energy
is smalf. Notice that the yieid of a tested sampie in Fig. 14 is
much higher than the reference sample which implies a dras-
tic increase in the atomic density of the remaining alioy after
a 33-h lifetime test run.

The change in atomic density is due to an increase in
platinum content in the alloy which causes liquid metal to
cease to flow. The vield of the reference sample is much low-
er than the tested sample since the helium ion penetrates
deeper in the less dense sampie. Therefore, the scattered par-
ticle suffers an energy loss both in the inward and outward
path which is higher than for the dense sample. As a resuli,
the yield with the less dense sample is much lower than for
the dense sample. Since boron atoms have a low scattering
cross section, most of the scattering vield comes from plati-
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FIG. 14. RBS spectra of reference and depleted PtsoB,, LMIS samples.

num atoms. The RBS analysis provides additional experi-
mental proof of cur analysis that more boron is produced in
the beam than left behind in the liquid alloy during LMIS
operation. This result implies that there has been a change in
the alloy stoichiometry to a platinum-rich component with
time at source operating temperature, and is the main prob-
lem of L.MIS with Pty B,, alloy to achieve a 100-h lifetime.

C. Surface analysis of droplets and neutral atom
formation

The formation of droplets from indium LMIS has been
observed by in situ TEM.'* The TEM observation indicates
that when ion emission is initiated, the liquid is drained from
the grooves in the tip and substantial liquid flow are required
for ion emission. Since the sharp edges of the grooves are
exposed, which result in an increase in electric field, the in-
creased electric field stress pulling on the ligquid surface ten-
sion stress, and results in the formation and growth of the
droplets. The droplet formation is not only limited to a
grooved emitter needle but can also cccur in a polycrystal-
line needle with grain boundaries. Grain-boundary etching
can also occur during LMIS operation forming multidirec-
tional grooves which will initiate droplets. The observation
of droplet formation has been reported for both Au and In
ion sources and it was suggested that the needie shank is an
important site for droplet emission in LMIS, '

The droplets can form at the needle shank near the alioy
reservoir, and can yield a stoichiometry ratio close to the
reservoir alloy composition. Thus, a calculated stoichiome-
try ratio from RBS results shown in Fig. 15 provides good
information about droplet composition which reflects the
composition of alloy reservoir. Referring to the phase dia-
gram shown in Fig. 13, this composition is metastable. That
is, at 400 °C this composition exists as two phases of plati-
num-rich (Pt) + Pt,B. Droplets with this composition can
easily cccur at 940 °C because at this composition and tem-
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perature, two phases of (Pt} and platinum-rich boron liquid
allov coexist, Therefore, the calculated stoichiometry from
R BS results shown in Fig. 15 give an approximate composi-
tion of the alloy source. Bear in mind that during LMIS
operation, beside droplet formation, a substantial amount of
neutral platinum was also produced and cannot be detected
by QMS. Figure 16(a) shows the Auger efectron spectrum
{ AES) of ion beam deposits from a 10-um graphite emitier
tip radius on a silicon substrate. This spectrum was taken
after a 10-min argon ion bombardment to remove oxide lay-
ers on the surface. One can notice platinom spectra at differ-
ent Auger energies which cannot be detected with QMS.
This resuli shows clear evidence that substantial platinum
species were emitted as neutral atoms and only a few were
ionized in a single or double-charged species. Note that the
evidence of the boron spectrum shown in Figs. 9 and 10 are
not revealed by AES shown in Fig. 16. The reason for this is
that boron and platinum have very close and nonresolved
Auger electron energies of 179 and 180 eV for boron and

== 100 Microns

L ~ 100 Microns

(b)

FIG. 17. SEM of 10-um emitter tip after lifetime test: (a) overall needle
shank, (b) detail of needle tip.
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platinum, respectively. Figure 16(b) shows an expanded
scale of Fig. 16(a) in order to separate the peaks so that they
can be seen more clearly. Notice that the coexistence of
peaks at 179 eV (B} and 180 eV (Pt) makes them indistin-
guishable from the platinum spectrum. Other elements nota-
bly C and Fe shown in the Auger spectrum [see Fig. 16(a}!]
come from the impurities, particularly for Fe. Carbon more
likely comes from the emitter tip erosion during LMIS oper-
ation. The ercsion is caused by the hydrostatic tension stress
generated by the applied electric field which tends to pull on
the liguid film covering the needle apex.

The blunting of the needle which initially had an apex
radius of 10 pm has been observed with scanning electron
microscopy (SEM), and is shown in Fig. 17. The emitter tip
radius is almost 20 times larger than its original size. This
result demonstrates that during LMIS operation, not only
droplets and neutral atoms are produced but also emitter tip
erosion occurs as 2 result of electric field stress which “pulis”
on the liquid film. The evidence obtained from surface analy-
sis clearly shows the change in alloy stoichiometry, forma-
tion of droplets, and neutral platinum atoms in the beam
during LMIS operation. These experimental results have
comimon characteristics such as those which have been ex-
plained by the hydrodynamic model LMIS proposed earlier
for the uniary system.'!

V. CONCLUSIONS

The binary boron platinum {PtyB,,) LMIS has many
characteristics in common with the hydrodynamic model of
LMIS." A 2.5-um graphite emitter tip produced the most
stable "'B™ emission during its lifetime recorded up to 26 b,
and the instability is less than 2%. More droplets and neutral
platinum were produced with a 10-um emitter tip radius,
resulting in unstable "'B™ ion emission. RBS results show
that more boron is produced in the beam than left behind in
the liquid alloy. Neutral platinum atoms were detected by
AES which were not observable with QMS. This boron alloy
source fulfilled six out of the seven requirements outlined as
ideal criteria for boron-producing alloy sources for use in the
FIB application and the criteria are based on the type of
L MIS design used in this investigation.
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