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Abstract. Accelerated ionized cluster beams are used for suhigh source pressures. However, if isolated nanoparticle de-
face nanostructuring of bulk diamond, CVD diamond films,position is the main goal, high-intensity cluster beams may
single-crystalline silicon, or glass, via reactive acceleratedot be required, and other types of cluster beam sources using
cluster erosion (RACE). Beams &0, clusters with about laser, plasma, spark, or sputter vaporization of cluster mate-
1000 molecules per unit charge are accelerated to up twal into some carrier gas may be well suited.

120 keV kinetic energy for mask projective surface bom-  Gas cluster beams, on the other hand, can easily be ob-
bardment. Patterning is achieved via physical as well agined from high-density source gas conditions [4], as investi-
chemical surface erosion. Very smooth eroded surfaces regated in depth for nuclear fusion purposes [5], so that intense
sult for bulk natural diamond, silicon, and glass. Polycrys-cluster beams for surface modification or erosion are readily
talline, strongly faceted CVD diamond films are effectively available. With respect to micro- or nanostructuring, however,
planarized. Submicron structures with various wall inclina-one has to take into account that the distribution of clus-
tions can be generated. Atomic force microscopy of individter sizes from such nozzle sources is never narrow, usually
ual impact structures reveals nanometer-sized hillocks insteddllowing a log—normal distribution [6], while the velocity

of craters. The collective motion of the impacted surfaceistribution is rather monochromatic. Hence, the distribution
material is considered crucial for the cluster impact-induceaf cluster masses leads to a corresponding distribution of the
nanomodifications. Atomic ion beam lithography is consid-kinetic energies of the neutral clusters as they leave the noz-

ered for comparison. zle. As these energies are of the ordet@® eVor more, they
are not negligible in comparison with the energies obtained
PACS: 36.40; 68.35; 81.65 by electrical acceleration, thus preventing a really fine focus-

ing. For example, puncturing=0-pum-thick W foil by a CO,

cluster beam o155 keV, “focused as well as possible”, led to
Beams of nanoparticles, or clusters of atoms or molecules, hole 0f0.13 mmdiameter [7].
can be used for deposition of materials onto surfaces, for By contrast, using isotopically pure gallium in a liquid
modifying surfaces by mixing or chemical transformation,metal ion source, a minimum spot size of a focused ion beam
and for eroding surfaces physically or chemically. Increas{FIB) of 8 nmhas been reported [8]. Other ion beam columns
ingly larger impact energies are required for the respectiveave been equipped with a Wien filter for ion mass separa-
processes in the cited order. While the main topic of theion in order to obtain submicron resolution [9]. Thus, ionized
present contribution is the structure generation by mask praluster beams without a mass separation cannot compete with
jective erosion, especially by reactive accelerated cluster er@tomic ion beams in the focused ion beam mode with respect
sion (RACE) [1], it should be mentioned that ionized-clusterto spatial resolution. Focused (atomic) ion beam writing can
beam (ICB) deposition [2] has a long and strongly debatetie used for direct machining, for example in mask repair,
history in thin film generation. The authors’ group succeedeas well as for maskless, software-controlled resist exposure,
in generating intense beams of neutral clusters from pure vavhere the main advantages are the small sidewise exposure
por nozzle expansions of cesium, zinc, silver, and, for periodsf the resist due to low-energy secondary electrons, and neg-
of minutes, of gallium [3], using feed vapor pressures in thdigible ion straggling and backscattering. As ion beam writing
range of a few bar. However, broad beam ionization and ads a slow sequential process, however, ion projection litho-
celeration of such high-intensity metal beams has still to bgraphy is developed for parallel resist exposure using flood
achieved in order to realize in full the original ICB depositionillumination of masks and electrostatic ion optics for pat-
concept. Furthermore, materials of lower vapor pressure, sud¢lrn scale reduction. This latter feature, in particular, makes
as most metals, cannot be vaporized thermally to sufficientlion projection lithography interesting for future IC fabrica-
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tion [10]. Again, however, single-mass ions are needed t
achievelOto 100 nmresolution. Hence, cluster beams do not
qualify for this technique either. [ Fad [ cluster beam
The present paper describes a direct machining by acce BO O
erated ionized clusters which are flood-illuminating a mask ir e
close proximity to the workpiece. Thus the fineness of the pai =g
tern is completely determined by the mask which islIpro-
4* *

jected. The technique is distinguished by very smooth erode
surfaces [7]. Clusters of, on the average, 1000 molecules
CO;, or SK; are accelerated th00 keV. The impact of these
clusters creates very high energy densities in the impact re |
gion, resulting in a plasma of cluster and surface material the
allows chemical reactions to occur. Volatile reaction product:

& onsation

focusing

may be formed, which relieves the debris problem. Hence "
the technique is called reactive accelerated cluster erosic
(RACE). The term “erosion” is preferred over “sputtering” s J

in order to underline the specific character of the cluster im
pact, which involves collective motions of projectile and tar-
get material. In the following, after a short description of 2 PERR A e
the experimental facility, examples of mask projective clus-
ter micromachining are presented. While this structuring re L]
-
L

quires prolonged cluster bombardment, the effects of individ

ual accelerated cluster impacts are studied by atomic forc 1
microscopy of short-time exposed surfaces. The lateral e
tension of these impact effects determines the final latere —
. ; . r beam shutier

resolution of the cluster beam lithography and is found to bt _—
of the order of severdlO nm . 2

- - mask
1 Experimental Wbk

Fig. 1. Schematic view of the setup for reactive accelerated cluster erosion

Cluster lithography is effected using beams of electrically ac(RACE)

celerated ionized clusters in a shower beam mode and suitable

stencil masks. The clusters are generated by adiabatic noz-

zle expansion oCO, or Sk gas, the converging—diverging galvanoforming, serves as a stencil mask. Its proximity dis-
nozzle having0.1 mm throat diameterl0® angle of initial tance from the target is of the order®s®um, as obtained by
divergence, an@8 mmlength of the divergent part (Fig. 1). optical microscope inspection.

Most of the expanding gas is frozen onto cryopanels attached After exposure to the accelerated ionized cluster beam,
to a liquid nitrogen bath cryostat. The core of the expandinghe targets are transferred through ambient atmosphere with-
nozzle flow is transferred to high vacuum via two skimmingout particular precautions to either a scanning electron micro-
orifices. Electrons o150 eVenergy partly ionize the cluster scope (SEM) or a Digital Instruments Nanoscope Ill. They
beam, which may then be focused by upl®kV potential  are investigated by atomic force microscopy (AFM) in the so-
negative with respect to the acceleration potential [11]. called contact mode using silicon nitride cantilevers, or in the

The cluster mean sizes can be measured by using a dedpping mode wittSi cantilevers.
icated time-of-flight spectrometer in place of the target [12].

The nozzle feed pressure is chosen to provide clusters of

a suitable size, for example 1000 molecule€@k per unit 2 Results

charge, in order to ensure high-speed impacts. At the chosen

100 kV acceleration voltage the ionized clusters impinge or2.1 Cluster-eroded microstructures
the target with a speed of abd@ kmy/s.

The experimental setup described earlier [11] is now2.1.1 Glass and quartEigure 2 shows hexagonal blind holes
equipped with a rapid beam shutter which allows times otroded by impact o€0, clusters of about 1000 molecules
exposure as short &5 ms A manually operated additional into Pyrex glass using a nickel mask at ab&Qitum distance
beam flag serves to protect the rapid shutter from prolongefiom the target surface [1]. According to the SEM micro-
cluster beam erosion. Target, mask, and beam shutters are githph the bottom planes are at least as smooth as the original
kept at ground potential. The cluster beam source can be ogtass surface. In spite of the large proximity distance, steep
erated at high potential of either polarity. In the present casesidewalls are achieved due to the rather parallel cluster trajec-
a positive potential ofl00kV is used to accelerate positive tories. Some vertical striations may be seen in the sidewalls of
cluster ions towards the ground electrode, which they pass viaie blind holes, which at least in part result from correspond-
al00mm-diameter central orifice. ing structures of the mask.

Most often, a microstructured nickel foil &pm thick- Figure 3 shows a similar blind hole eroded into polycrys-
ness, which is generated via e-beam lithography and nickéhlline quartz. Obviously, the process of cluster erosion leads
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Fig. 4. Artificial polycrystalline diamond film partially planarized by accel-
eratedCO, cluster bombardment

Obviously, the chemical reaction with tl&0, clusters has
preferentially removed the graphitic component.

2.2 Individual impact patterns

Reducing the time of exposure of the target by use of the
rapid beam shutter allowed us to identify isolated impact
structures, as shown in Fig. 5 for silicon [14]. Commercial
polishedSi(100) wafers have been selected as targets because
of their original flatness. The impact structures turn out to be
always hillocks, the areal density of which corresponds to the
areal density of cluster impacts. The hillocks came as a sur-
prise since craters were expected [15].

Another illustrative example of an impact structure is pre-

- LBrm Fdé_ L@ sented in Fig. 6. Here, a crown of hillocks surrounds a higher
KE.700 lIak central peak. The height of this central elevation is truncated
Fig. 3. Blind hole eroded into polycrystalline quartz B0, clusters in Fig. 6, its true value being nmaccording to a correspond-

ing height profile.

A final example of an impact-induced pattern is given in
to a smoothening of the eroded surface which is reminisceriig. 7. Although such pyramids have also been seen on silicon
of melting at the surface of the target. In the sidewalls ncubstrates, Fig. 7 has been obtained with a Pyrex glass target.
vertical, but horizontal, striations may be recognized. This
type of striation is also observed regularly with metal targets,
such as gold or copper. The striations are found to remai
horizontal even when the target is tilted against the vertical di
rection. Hence, they may be due to a thin layer of fluid whick
freezes onto the sidewalls, showing surface ripples oriente
perpendicular to the gravity direction.

2.1.2 DiamondThe result shown in Fig. 3 motivated the use

of cluster erosion also for planarizing polycrystalline artifi-

cial diamond films [13]. Figure 4 gives an example of a part

of a hexagon eroded into diamond film which had been de

posited by chemical vapor deposition (CVD).
The very pronounced smoothing achieved is similar to the.

results obtained with quartz (Fig. 3), again indicating some

kind of superficial melting. The underlying crystal structure

can still be recognized in the residual, mostly triangular holes
Originally, the films were black due to a residual graphitic -

component which also makes the films conducting. In the 2000 el 00

scanning electron microscope, these films appear bright. Tt 2 1 000 nesdis -

eroded parts, however, show up black in the SEM due t@ig 5. Atomic force micrograph of isolated impact-induced hillocks oBia

lost conductivity, but nearly white under natural illumination. wafer surface
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Fig.6. AFM image of an impact-induced peak with surrounding hillock

crown on aSi wafer Fig. 7. Impact-induced elevated structure on a Pyrex glass surface as

recorded by the atomic force microscope with a pyramidal tip

The frequency of these large pyramidal structures is about

a factor 1500 lower than that of the ones shown in Fig. 5. Thelicted crater diameters of some ten nanometers, which are

small crown of Fig. 6 seems to be a very rare event as it is theonsiderably larger than the average diameter of aBoun

only one of its kind found up to now. At the moment, the ori- of the impinging clusters [15]. Although the lateral dimen-

gin and the specifications of the projectiles responsible for theions of the observed hillocks correspond approximately to

patterns of Figs. 6 and 7, such as mass and charge state, tite expected crater diameters, elevations instead of excava-

not known. tions never show up in the macroscopic ballistic experiments.
It also has to be recalled that prolonged bombardment leads to
erosion of material, not deposition.

3 Discussion The average roughness of the sample first increases with
the number of isolated hillocks, then decreases when the gaps

From macroscopic ballistic experiments it is known that hy-between hillocks fill up, and finally increases again to less

pervelocity impacts of spherical projectiles invariably yieldthan0.5 nm Auger electron spectroscopy reveals that elem-

hemispherical surface craters whose volume is proportiona@nts of the cluster material, i.€.andO, can be found down to

to the impact energy [16]. Extrapolating these results to thelepths 020 nm[17]. This depth corresponds roughly to the

impacts of clusters 0100 keVimpact energy leads to pre- expected crater depths.

Fig. 8a,b. Side-structured pyramida) simulating the one in Fig. 7 by convolution of the typical AFM tip topology with an assumed centered peak layown (
The image size i8.8 um x 3.8 um, the central peak 4.7 um high
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The features in Fig. 6 bear a strong resemblance to theelerated cluster erosion (RACE). Using gases, sucb@s
transitory splashing patterns following the impact of a pro-or SFs, as a starting material ensures cluster formation will
jectile onto a liquid surface. Considering the whole crownoccur in sufficiently dense adiabatic nozzle expansions. On
pattern of Fig. 6 as a consequence of a single impact, the prtie other hand, the high impact energies lead to disintegration
jectile must have been much larger and more energetic thaven of the molecular constituents, so that chemical reactions
the ordinary cluster impact structures of Fig. 5. These latbecome possible, which may lead to volatile products, or to
ter ones could perhaps represent central peaks, the hillodurface modification. Individual impacts affect surface areas
crowns of which are too low to be detected. of severallO nmdiameter. Single mass atomic ion beams can

On the other hand, the pattern of Fig. 7 has to be ascribeoke focused to give comparable spot sizes, which is not pos-
to an even more energetic projectile, regarding the size dfible with the present cluster beam setup without installing

the affected area. As the structure on the target surface ob-cluster mass filter.

viously is of considerable height, aboliZ ,um, one has to

It is observed that prolonged bombardment with acceler-

take into account the possibility of the target structure probin@ted clusters yields smooth eroded surfaces whereas individ-

the tip of the microscope, instead of vice versa. Indeed, thea

| impacts lead to hillocks of less thAmm height, if the

inclinations of the side planes of the pyramid agree with therojectiles are 1000-moleculeO, clusters. These hillocks
angles of inclinations resulting from anisotropic wet etchingare assumed to result from the relaxation of transitory craters

of single-crystallineSi, as is used for producing the cantilever by
tips. Pyramid topologies vary between samples, possibly due
to variations of the respective cantilever tips. Figure 8 shows
a crown pattern with a central peak which yields an atomi
force microscopy result such as the one given in Fig. 7 whe
convoluted with the typical topology of the atomic force mi-
croscope tip, viz., a pyramid with an apex angl& 6.

The impact-induced structures shown in Figs. 5-7 al
show elevated patterns which indicate transient localize
surface melting of the target material. Apparently, initially
formed craters collapse due to too slow a heat removal. Thel
origin of the projectiles larger than 1000 molecule clusters

has still to be investigated. In agreement with expectations, 5.

however, the most frequent ionized cluster impacts affect
areas of some ten nanometer diameter per impact.

The low height of the cluster impact-induced hillocks, 4

on the other hand, explains the remarkable smoothness o
the cluster-eroded surfaces. This has to be compared with

the “grass-like” patterns often observed with atomic-ion sput- 7.

tering [18]. Such an appearance has never been found with8 _ _ ,
9. T. Shiokawa, P.H. Kim, K. Toyoda, S. Namba: J. Vac. Sci. Technol. B

cluster erosion, presumably due to the collective lateral move-
ment of the eroded material, which prevents or destroys thg
buildup of needle-like structures. Centered peak crowns such

as the ones shown in Figs. 6 and 8, on the other hand, can big.
12.
13. J. Gspann: Sens. ActuatorsbA, 37 (1995)
14.

found only after short times of exposu€e] msor less, which
indicates a generation by a single energetic impact event.

15.

4 Conclusion

16.

lonized cluster beams accelerated to kinetic energies of the,

order of100 eVper constituent cluster molecule can be usedsg.

for micromachining surfaces of all materials by reactive ac-

an elastic rebound of molten surface material.
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