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:r’ insverse thermal velocity broadening of focused beams from liquid metal

Onsources

J.W. Ward, R. L. Kubena,and M.W. Utlaut®
Hughes Research Laboratories, Malibu, California 90265

(Received 21 June 1988; accepted 24 August 1988)

Experiments have shown that the target current density in focused ion beam columns have long
“tails™ outside the central submicron region. We show that these tails result from a transverse
velocity distribution which has a Holtsmark probability density. Both theory and experiment
show that the tails are reduced as the system magnification and source current are reduced.

- INTRopucTION

Io:;::am lithography gsing focused ign beam; hgs emerged
high, Ofthe_best techniques for the microfabrication of very
tolution structures.' Because of the much greater ion
ing ts}’lSCatterin g ?ﬁ'ects are rr?u.ch 1e§s impor'tant in dete‘rmin-
Faphye feature size and limiting plt(':h for ion beam lithog-
prog, lhe.m for elftctron beam Fechmques. ngever, recent
i de;’Ss in reducmg.th’e jpot size of focused ion beams fmd
fioi hC€ for ]arge tails” in their gurrent—.dt?nsnty distribu-
eters l;\’e lfid to increased interest in describing the param-
. at limit feature size and packing density for focused
Jimi :‘;m lithography. In this paper, we describe Fhe fgcu§ing
tion lons due to the transverse thermal velocity distribu-
the emitted ions.

I,
THERMAL VELOCITY EFFECTS

p riIr:(:is Well. kr_low-n tha-t thermal velocity effects are one of the
d ensitpa]. limitations in the transport and focusing of hlgh-
— Y ion beams from conventional plasma-type ion
by Cut]‘ For exa.mple, Brewer” uses the t'heory worked gut
S0t ¢rand Hines® to show that for a Pierce geometry ion
ion | haVipg an emitter temperature of.14'00 K and extrac-
velocitotemfal of 10 kV, the {Ilean Qewatlon of a thftrmal
Jiih & Y trajectory away from 1t§ laminar counterpart is .~.7
PfObahlth? beam. minimum. This exarpple shows .that it is
vion tiony Impossible to E}chleve a submicron spot with a con-
trans\,eal plasma-type ion source because of the effects of
TSe thermal velocities.
Ctien deieffects of transverse velocity on the.spot. size of a fo-
figure “(:n beam are shown schematically in Fig. 1. In this
e show an ideal lens imaging a parallel beam into a
point y, Spot .at M =0 or imaging a (:‘livergent beam from a
either Urce into a focused spot at finite magnification M. In
ase we show rays having a departure in slope of Ar’
ite ¢ laminar zero temperature trajectories due to the
‘ eran§verse ion temperature. For the parallel beam it
fxcal le‘fasﬂy g.h()‘ivn that the spot growth 7 for a lens having
gth fis given by
"= (1
While f,,

it is giy Tthe finite magnification case with object distance d,

€n by}

"=M4 . (2)

To ill
L ]
Sensiti\,s‘trate how these equations translate to an extreme

lty to transverse velocity consider a 50-kV Ga™* beam
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(u) =3.7X 10°m/s). If we assume a transverse velocity
only 10 m/s, the corresponding slope error is Ar =y,
Uy =3X 103 rad. If we further assume a focal length of 2
(or a lens distance d =2 cm with M =1) then eithe
equation predicts a  radial  spot  growth
r=3x107%)(2)em =0.6 um. Clearly, this exampl
shows that the effects of transverse velocity are an importaj
consideration in achieving submicron spot sizes.

In our first analysis® of the long tails which we had ol
served in our single-lens column we worked backward
the measured current density. We asked what distributionis
ray height and slope in the aperture plane ~20 mm dowa
stream of the emitter would produce the measured current
density profiles. This study showed that the probability den:
sity function of the measured current density was a nee
exact replica of the transverse velocity distribution in th
aperture plane. Not included in this approximation was
contribution from the ~0.1-zm-diam chromatic aberratio
disk in the very central region. Outside of this central regi
the spot radius is directly proportional to transverse velot
ity, so that the long tails in the current—density profile cor
spond to long tails in the transverse velocity distribution

FiG. 1. Spot growth due to transverse velocity for parallel and div F
beams.

© 1988 American Vacuum Society
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G. 2. Probability density function for target current density in single-lens
umn fitted with a Holtsmark distribution.

e single-lens values of M = 1.04 and d = 20.8 mm and a
i extraction voltage of 6.2 kV. Thus, a radius of 1 um
Iresponds to a transverse velocity of ~6 m/s.

We have also plotted in Fig. 2 a curve scaled from the
ark'* distribution which is computed in Sec. IV.
the excellent agreement between the experimental data
he Holtsmark distribution. We shall see in Sec. V that
$ agreement continues when we apply it to the more re-
experimental data taken using our two-lens micro-

B2(i2) + (u2)) . AE, = 2,[KT eV,; AE, = kT, .
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lll. TRANSVERSE AND AXIAL VELOCITY SPREAD

As we have seen, one of the principal reasons for the
“tails” on the current—density profiles is the transverse ve-
locity distribution of the emitted ions. We will now discuss
the effect of acceleration on an ion beam emitted with an
initial temperature. Let us assume that the ions are emitted
with a Maxwellian distribution of initial velocities in the x
and y directions with zero mean and a variance equal to k7" /
m so that

(u}) =kT/m and (ul)=kT/m. (3)

For the z direction we will assume a half-Maxwellian with
the same temperature. We can also define temperature in
terms of the full width at half-maximum (FWHM) of either
the x or y velocity distribution so that

FWHM = 2.35JkT /m . (4)

If we assume an initial root-mean-square Ga™ velocity of
~1000 m/s the corresponding energy and temperature is
~0.72 eV and ~ 8400 K, respectively. When these ions are
accelerated, the internal energy, as represented by the tem-
perature, is reduced by a very large factor because a given
velocity difference represents a much larger energy as the
velocity increases. Zimmermann® has shown that the axial
beam temperature in the moving frame is

and is extremely low after an acceleration of only a few kV.
Using Eq. (5) for an initial temperature of 0.72 eV and an
acceleration of ¥, = 50 keV we have

kT, = (0.72°/4(50 000) =2.6 X 10~ %€V .

(6)
If we now solve for the mean-square velocity spread at this
much lower temperature we find that {(u«?)'/?=1.9 m/s.
However, since energy differences are preserved in accelera-
tion, the longitudinal energy spread remains at 0.72 eV. This
large difference between energy spread and internal energy is
tabulated in Table I as a function of mean-square velocity
spread for both the axial and transverse directions. Zimmer-
mann® and others have argued that since the transverse in-
ternal energy is not affected by the acceleration process the
equipartition of energy will transfer this energy to the axial
energy spread and will result in the anomalously high energy

MBLE I Transverse and longitudinal energy spreads and temperatures for accelerated Ga* ion beam. Su. = u, — (u,) . kT, /m = (Sul); kT,/m

. Yongitudinal temperature Longitudinal energy spread at

Transverse temperature Transverse energy spread at

L)>0 V,=6kV V,=60kV  (u,)=(u,)=0 P= r=gr,
0u)' > (m/s) KT, (eV) AE, (eV) AE, (eV) (u)'? kT, AE, AE,
~0.72% 102 13.2 41.7 1000 ~0.72 kT, kT, /g
X 10 1.32 4.2 100 0.72% 102 4
x107° 0.13 0.42 10 x10~*

1 x10~°
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spread first observed by Boersch and which has been verified
by a number of experimenters. Other workers'® have shown
that the transverse temperature defined as

KT, /m= ((x*) + (9*))/2 (7

varies as T, /¥ = const so that we would expect a large drop
in transverse internal energy as ions are accelerated away
from the emitter in a liquid metal ion source where there is
considerable expansion in the radial direction. To investi-
gate this further we computed trajectories in a sphere-on-
orthogonal "¥(SOC) diode using our Monte Carlo'? com-
puter program. Figure 3 shows the large reduction in
transverse velocity which occurs after the ions are acceler-
ated only a short distance downstream of the SOC emitter.
The initial conditions assumed for this calculation were

() =()2=(P)=kT/m for kT=14eV. (8)

Note that the transverse velocity has been reduced from an
initial spread of ~ + 2000 m/s to a spread of ~ + 110 m/s.

5x 103 —
Yy
25x 103 —
£
’>_- Tin 2N T
5 0 - ~4x103 (m/s)
o) bR g
wil
w
>
x
-2.5x 103 L
v : i
ode= -
o | 1 | 1 |
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w
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~ FI1G. 3. Computer simulation of beam cooling in a SOC diode due to large
radial expansion: (a) at emitter, ¥(z) = 0, initial temperature 1.4 eV; (b) 1
pm downstream of emitter, V(z) =808.
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A calculation of the phase space area® from Fig. 3 shoy
at the emitter the area is 4,=5.5x 10~* mrad, while:
downstream position it is 4,=2.3X10"" mrad .
VeV,/kT . This reduction in transverse velocity spre
consistent with Liouville’s theorem which states ,;_"
normalized phase space area is conserved in beam aceg
tion. If this beam cooling continued, we might expect;
position where the beam radius had increased by ang
factor of 10 (at 2r=4 um), the transverse velocity sp
would drop to ~ + 1.1 m/s. Of course, we also might e
that the Coulomb collisions would cancel some of thig g
ing in the same way that the axial energy spread is broad
after emission. ‘

IV. HOLTSMARK DISTRIBUTION

This distribution was first derived by the German p
cist Holtsmark'* in connection with his work on th
broadening of spectral lines. It was then rediscovere
French mathematician Levy,'® who showed that it isa
cial case of the so-called “stable distributions™ which !
the property that they have long tails and no variance,
Holtsmark is the distribution in electric field strength wi
results from a random distribution of charged particles
teracting with a Coulomb 1/7 force and having a cons
charge density. Since the gravitational force also varies
7, the Holtsmark distribution also represents the gravi
tional force due to a random distribution of stars havir
constant number density. Chandrasekhar’ has used this|
tribution in the solution of a number of problems in
dynamics. Because we found no tables for the two-dim
sional Holtsmark in the literature, we now describe how
numerically evaluated the Holtsmark in all three dim
sions. We believe our calculations are accurate to at Ie
four significant figures. The tables for the Holtsmark di
bution given in Refs. 7 and 9 have only one significant fig
for large values of the argument. :

It can be shown that the characteristic function of {
stable distribution is'’ '

exp[ —o?/2|k|?] 0<p<2,

where the parameter o” plays the role of the varian
though the second moment (variance) is never finit
B < 2. Expressing the probability distribution for the vek
ity # as the Fourier transform of the characteristic funt
we have for n = 1, 2, and 3 dimensions and putting o
we have that

P(u) = ——

(2m)" I - wo .
where the integral is evaluated over the entire range of the
dimensional vectors % and k. For the Holtsmark, the ch2
teristic exponent, beta, is 3 while the Gaussian and Caué8
distributions are obtained as special cases when 8 = 2 and 1

From Eq. (10) we obtain for n = 3, following the
steps outlined by Chandrasekhar’ WS

lu| = (42 + ul + u2)'"?, that

exp( — |k |Pexp( — ik-@)dk, (10

Py([u]) =fo exp( — k) k sin(k |u|)dk -
a 0

For n =2 where |u| = (12 + u2)"'/?, we find



4

p(u) = [ul [ exp( — kPRI K Dk, (12)
3 0

hich we believe has not been derived before.?iere Jo(k |u])
the zero-order Bessel function. For » = 1 it is easy to show
at Eq. (10) reduces to

P(u) =LJ exp( — kP)cos(ku)dk , (13)

T Jo

ce P, (u) is an even function in the one-dimensional case.
sa check we evaluated Eqgs. (11)—-(13) for =2 (Gaus-
n) and obtained

P,(u) = (1/2V/m)exp( — u’/4),
Py(u) = (u/2)exp( — u’/4),

P,(u) = (0°/2v/m)exp( — u?/4) , (14)

jich are the well-known Maxwellian distributions for k7"/
—2 in one, two, and three dimensions. For B=3/2
oltsmark ), the integrals cannot be expressed in closed
m and in Table IT we present in tabular form the result of
luating Eqgs. (11)—(13) for u = 0to 100. In Figs. 4 and 5,
:show plots of the one- and two-dimensional Holtsmark
rributions. Note that in the linear plot of Fig. 4, the distri-
itions are nearly identical out to about # = 5. However, we
2in the log plot of Fig. 5 that slightly past this value, the
axwellian is dropping very rapidly compared to the Holts-
irk. Mandelbrot'" has called this slow drop-off in the tail
gion “‘hyperbolic” and shows that for the Holtsmark dis-
ution, the probability in the tail region varies as
) o u—>/?. This slow drop-off results in an infinite vari-
e (u°) = oo, SO there is no characteristic size for any of
ble distributions which have 3 < 2. He also shows that
ence of characteristic size is one of the features of self-
ilarity or scale invariance which is also one of the most
nportant features of fractals.'’

BLE I1. The Holtsmark distribution in one, two, and three dimensions for

P, (u) Py(u) Py(u)
2.8735E — 01 0.0000E + 00 0.0000E + 00
2.8315E — 01 1.1710E — 01 1.6665E — 02
2.7099E — 01 2.2336E — 01 6.3088E — 02
2.5215E — 01 3.0759E — 01 1.2959E — 01
2.2847E — 01 3.6614E — 01 2.0323E — 01
2.0204E — 01 3.9701E — 01 2.7122E — 01
1.7485E — 01 4.0262E — 01 3.2378E — 01
1.4855E — 01 3.8794E — 01 3.5570E — 01
1.2434E — 01 3.5910E — 01 3.6633E — 01
1.0292E — 01 3.2211E — 01 3.5850E — 01
8.4540F — 02 2.8201E — 01 3.3694E — 01
1.3673E — 02 5.4173E — 02 8.0674E — 02
4.2235E — 03 1.6203E — 02 2.3822E — 02
1.9065E — 03 7.1502E — 03 1.0350E — 02
1.0478E — 03 3.8629E — 03 5.5614E — 03
1.7337E — 04 6.3037E — 04 8.8558E — 04
2.9944E — 05 1.0807E — 04 1.5086E — 04
1.0803E — 05 3.8922E — 05 5.4241E — 05
5.2512E — 06 1.8900E — 05 2.6321E — 05
3.0016E — 06 1.0801E — 05 1.5037E — 05
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FI1G. 4. One-dimensional Maxwellian and Holtsmark velocity distributions
foro® = 2.

V. CALCULATION OF TARGET CURRENT DENSITY

Figure 6 shows Ga™ target current—density profiles mea-
sured at two different magnifications on our 50-keV, two-
lens ion microprobe system. A complete description of the
experimental conditions and the measurement technique us-
ing dot exposures of bilevel negative resist is given in Ref. 2.
We see that these profiles have long tails extending out to
several thousand angstroms at 10 > of the peak density. We
will now describe the computer model used to simulate these
beam profiles. The basic idea is that the current density at the
target is determined by the combination of effects due to the
virtual source (transverse velocity spread) plus the effects
due to the chromatic aberration of lenses (longitudinal ve-

1.0

T I I

o). T I Vo ol -
o MAXWELLIAN

1

HOLTSMARK]|
0.1

llll
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bt
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FiG. 5. Two-dimensional Maxwellian and Holtsmark distributions for
=2
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FIG. 6. Current—density profiles of the 50-keV Ga™ ion microprobe vs sys-
tem magnification for experimental and from simulation using Holtsmark
distribution.

locity spread). This model has only two adjustable param-
eters which are the FWHM widths of the transverse and
longitudinal (Holtsmark) velocity distributions measured
in the aperture plane. The details of the mapping process are
more fully described in Ref. 3 so we will briefly describe the
computer simulations.

(i) Choose three random numbers from the one-dimen-
sional Holtsmark distribution. The first two du, and
6u,, are from a distribution having width w1 and the
third du is from a distribution with width w?2.

(ii) Formu, =,/6u} + 6u; whichrepresentsarandom
transverse velocity from a two-dimensional Holts-
mark and form A7

(iii) Convert axial velocity spread to an equivalent energy
spread using AV /V,=2%8u,,/u, and form
dz = Cco, AV / V.

(iv) Use matrix formulation to transport a ray having
slope (¥ 4+ Ar') and radius r to the target plane. The
effect of chromatic aberration is accounted for by
adding + dz to the object positions.

(v) Repeat steps (i)—(iv) ~300 000 times and form a
running histogram of number of rays landing be-
tween » and » + dr in the target plane.

Tiial and error showed that wl = 1.5 m/s and w2 = 160
m/s accurately represent the M = 0.14 data in Fig. 6. We
next changed the matrix coefficients of the second lens to
model the longer working distance for the M = 0.26 case.
We then reran the simulation using the same “seed” for the
transverse and longitudinal velocities. The new simulation is
not quite as good as the original, but is still quite good espe-

J. Vac. Sci. Technol. B, Vol. 6, No. 6, Nov/Dec 1988

cially for the smaller radii. If we convert the FWHM Hgjs,
mark values to an equivalent root-mean-square veloclty
ing Eq. (4) (which rigorously only applies tq , £
Maxwellian), we find that the widths wl and w2 n,“
(u2)'"? = (u2)'?=15/235=0.64 m/s and (u)
= 160/2.35=68 m/s equivalent root-mean-square ve]
ities. Converting these values to equivalent temperatures yg
ing Eq. (3), we see that kT, ~6X10"7 eV g
kT, =3.3x107eV. Using Eq. (5) to convert this long;
dinal temperature to an equivalent energy spread we h

that AE = 2y(3X 107)26200=9 eV. This is not too
from the 8-eV value that was reported in Ref. 12 for a 4.

Ga™ source current. We also see that the large differe
between the transverse and longitudinal temperature imp
that there is negligible exchange of energy between the tra
verse and longitudinal directions.

V1. CONCLUSIONS

Experiments have shown that the target current densityin
focused ion beam columns have long tails outside the cen
submicron region. We have shown that these tails r
from a transverse and longitudinal velocity distribu
which has a Holtsmark probability distribution. We
described a computer model used to accurately simulate ]
measured current—density profiles. This model has only
adjustable parameters which are the FWHM widths of
transverse and longitudinal velocity distributions. Both t
ory and experiment show that the long tails are reduce
the system magnification and extracted source currents are
reduced.

® Present address: University of Portland, 5200 N. Willamette Boule
Portland, OR 97203.
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