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Abstract. We report the direct etching of Al2O3 and SiO2 using 900-keV
Au+ ions. 2000-mesh Cu grids were employed as masks using two dif-
ferent configurations: �1� the Cu mesh was placed on top of each insu-
lator separately and independent irradiations were performed, and �2�
the Al2O3 and SiO2 substrates were positioned in an edge-to-edge con-
figuration with a single Cu grid providing a common mask to both insu-
lators. Scanning electron microscopy �SEM� analysis revealed quite dif-
ferent patterns resulting from the two irradiation configurations. While the
irradiation using individual masks resulted in mirror-image patterns of the
Cu mask in the substrates, the use of a common mask led to single line
structures approximately normal to the edges of the substrates. The role
of charge buildup and sputtering in relation to relative dielectric proper-
ties of the substrates and close proximity of the samples during irradia-
tion is discussed. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction

he use of high-energy ion beams in micromachining has
rown significantly in the last two decades thanks to the
evelopment of focusing systems capable of delivering
eam spot sizes down to the nanometer scale. In general,
uch ion-based techniques1 employ protons of a few MeV
o irradiate resist materials2 deposited over a substrate in
rder to produce microstructures. Due to the nature of the
roton-matter interaction, setups consisting of energy-
unable accelerators and vacuum chambers with manipula-
ors attached to the target holder allow a maskless manu-
acturing of complex microstructures with variable depth
nd nonprismatic shapes.3 Metallic structures of hundreds
f nanometers can be obtained by coupling the proton beam
riting technique with subsequent electroplating of the

tructure.4 In addition to advanced technological applica-
ions for microelectromechanical systems �MEMS� like
anowire production,5 simple grid patterns and scaffold mi-
rostructures have found general acceptance in other fields
ike biology, where they have been extensively used in
tudies of cell migration and mobility.6,7

Another way to produce simple patterns in a wide vari-
ty of materials is through the use of an ion-sputtering tech-
ique, where a swift ion beam impinges on the material
overed with a mask that ultimately will generate the same
attern of the mask in the material itself. Although any ion
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could be used, heavy ions are more desirable due to higher
sputtering yields, which significantly decreases the time
needed to generate such patterns. Direct sputter etching has
the advantage of producing simple patterns with relatively
large areas in a single step, eliminating the requirement for
subsequent chemical etching of the substrate, and the depth
of the structures can be easily controlled with the ion
fluence.

While direct sputter etching on metals has been proved
to be straightforward,8 the same is not true for insulating
materials. Indeed, the use of charged particle beams leads
to interesting effects due to the charge buildup process in
the samples, which eventually generates local potentials of
the order of kilovolts.9 Secondary electrons emitted in the
process are subjected to high accelerations, giving rise to a
substantial bremsstrahlung radiation. Also, other effects
such as ion migration10 and residual activity11 have been
reported in the literature. The charge buildup in insulators
can be substantially reduced by coating the samples with a
layer of conducting material such as amorphous carbon12

and gold.13,14 The suppression is not complete, however,
since such a layer does not prevent the charging of deeper
portions of the substrate.12 Moreover, the conducting layer
has to have an optimum thickness, since too-thin layers
may lead to an increase of the charge buildup.13,14

Among several insulators, quartz �SiO2� and sapphire
�Al2O3� are the most popular ones due to their relative high
dielectric constant and wide range of applications like mi-
croelectronics and optical waveguides.15 In this work, the
feasibility of generating simple microstructures on those
insulators through the use of direct sputtering with high-
energy heavy ions is discussed.
Jan–Mar 2009/Vol. 8�1�1
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Experiment
he experiments were carried out at the Louisiana Accel-
rator Center where a 1.7-megavolt tandem �NEC 5SDH-2�
elletron accelerator delivered 900-keV Au+ ions with typi-
al currents of 1.0 �A and beam spot size of about 0.1 cm2.
nside the implant chamber an electrically isolated Faraday
age, biased to +45 volts, surrounded the isolated target
older so that summing the charges collected on the target
older and the Faraday cage provided an accurate determi-
ation of the ion fluence. The irradiation fluences were in
he range of 1017 /cm2, and all irradiations were performed
t room temperature, 24 °C.

The targets consisted of commercially available polished
apphire and quartz 2.5-cm-diam disks with thicknesses of
.1 mm and 2.3 mm, respectively. Copper Scanning elec-
ron microscopy �SEM� calibration grids �2000 mesh� with
.05 mm diameter and 18 �m thick and having grid bars
�m wide were used as masks to generate periodic square

atterns of 7.5�7.5 �m2. The grids were attached with
poxy to cover 2-mm-diam apertures in a 2 mm�5 cm
10 cm aluminum sheet, and the substrates were secured

sing SEM carbon tape immediately behind these grids for
he irradiations.

Two independent configurations were employed for the
rradiations. In the first configuration �hereafter, referred to
s C1a�, sapphire or quartz was each irradiated individually
ith Au+ ions �Fig. 1�a�� by placing the Cu grid mask at the

enter of each disk. In the second configuration �C1b�, the
apphire and quartz disks were placed edge-to-edge, and a

ig. 1 Scheme of the experimental setup used for the irradiation of
l2O3 and SiO2 with 1-MeV Au+ ions. The beam was collimated by a
-mm-thick aluminum frame before reaching the 2000-mesh Cu
rid. The top panel �1a� depicts the C1a configuration, where the
ielectrics were irradiated in independent measurements, while the
ottom panel �1b� depicts the C1b configuration, where both dielec-

rics were irradiated simultaneously. See text for further explanation.
. Micro/Nanolith. MEMS MOEMS 013013-
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single Cu grid placed across the intersection of the edges
was used as a mask for both �Fig. 1�b��, thus allowing a
simultaneous irradiation for both substrates. The Cu grid
masks were used to allow the fabrication of an easily ob-
servable microstructure and were attached to a grounded
aluminum sheet placed immediately in front of the sub-
strates. After the irradiations, the integrity of the Cu grids
was checked with an optical microscope, and the targets
were then analyzed using an SEM model JEOL 6460-LV.
The total area able to be irradiated in a single exposure
without scanning is approximately 25 mm2; however, if
raster scanning and appropriate masks are utilized, areas as
large as 500 mm2 could be etched in a single exposure.

3 Results and Discussion
Figure 2 shows SEM images obtained for sapphire �Fig.
2�a�� and quartz �Fig. 2�b�� after irradiation with Au+ ions
with a fluence of 8�1017 ions /cm2 according to the ex-
perimental configuration C1a. As can be seen, the grid pat-
terns were fully reproduced in the substrates, just as those
obtained from previous Al, Si, Cu, and Ag,8 thus confirm-
ing the feasibility of obtaining large area patterns from di-
rect ion sputtering. In Fig. 2�c�, bottom panel, the results
obtained with a fluence of 2�1017ions /cm2 for quartz are

Fig. 2 SEM images obtained at a tilt angle of 60 deg after Au+ sput-
ter etching of Al2O3 �a� and SiO2 �b� in the C1a configuration with an
ion fluence of 8�1017 ions/cm2. The bottom panel �c� shows the
structure obtained for SiO2 at 2�1017 ions/cm2.
Jan–Mar 2009/Vol. 8�1�2
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hown. The much shallower structures are a direct conse-
uence of the lower ion fluences employed in these experi-
ents.
Figure 3 shows the results obtained for both substrates

hen sharing a single Cu grid during irradiation according
o the scheme shown in Fig. 1�b�, corresponding to the
onfiguration C1b. The patterns generated for both dielec-
rics, shown in Figs. 3�a� and 3�b� for sapphire and quartz,
espectively, do not reproduce the Cu grid pattern. Instead,
arallel channels were created whose orientation follows
he direction of the contact point between the sapphire and
uartz and extended to the edges of the substrates �see Fig.
�c��.

No direct measurements of the depth of the structures
ere performed; however, from the SEM images in Figs. 2

nd 3, the depth of the structures is estimated to be
.5 to 1.0 �m for the center-etched structures and
to 3 �m for the edge-etched structures. Based on the es-

imated depth of the microstructures and with a recorded
tch time of 3 h, the etch rate is approximately 5 nm /min
or the center-etched structures and 15 nm /min for the
dge-etched structures. It is believed that this etch rate can
e increased considerably by using a higher current density.

Several factors might be considered in order to under-
tand the results shown in Fig. 3. First of all, the discharge
f electrical charge in the sample can be understood as a
wo-step process,9,11 with the first step occurring between
he ion end-of-range position �see Table 1� and the surface
f the substrate. The second discharge step takes place
long the surface of the substrate where the charge flows to
he aluminum mounting plate, which is at ground potential.
or configuration C1a, the discharge appears to be directed

o the nearest copper grid bar without any preferential di-

ig. 3 SEM images obtained at a tilt angle of 60 deg after Au+
tching of Al2O3 �a� and SiO2 �b� in the C1b configuration. The bot-

om panel �c� shows the structures produced in the edge of the
iO2.
. Micro/Nanolith. MEMS MOEMS 013013-
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rection. For configuration C1b, however, it is possible that a
potential difference between the insulators builds up. In-
deed, although sapphire and quartz have dielectric strengths
of the same order of magnitude �� hundreds of KV/cm��,
even small relative differences can lead to distinct charge
buildup processes. Since this is a dynamic system, it is
expected that the discharge mechanism for both insulators
happens at different times, leading to a potential difference
between them. The electric field would have a stronger in-
fluence in the second step of the discharge process, divert-
ing charge carriers to a specific direction, which could in-
fluence the ion etching process. Another factor is that the
insulators have different sputtering yields �see Table 1�, in-
cluding different yields for the constituents of the com-
pound material. For quartz, the ratio between the oxygen
and silicon sputtering yields is 3.3, while for sapphire, the
ratio between the oxygen and the aluminum sputtering
yields is 2.0. On average, there is a surplus of both silicon
and aluminum during the sputtering process, which could
change the charge balance in both insulators and therefore
have an influence on the final etching process.

It is possible that the edge effect could be mitigated
significantly by sputter coating the substrate with gold prior
to sputter etching with high-energy Au ions, since this step
would minimize the potential differences caused by charge
buildup. Although determining the root cause of the chan-
neling anisotropy in the sputtering effect for the edge-
irradiated substrates was not the primary focus of this work,
future experiments that include applying a conductive coat-
ing to the substrates prior to irradiation should help to elu-
cidate the phenomenon.

4 Concluding Remarks
In this work, it was demonstrated that simple pattern struc-
tures can be created on insulators through direct sputter
etching using high-energy heavy ions. The depth of the
microstructures can be achieved by choosing the correct ion
energy and fluences.

The insulating properties of dielectrics can significantly
affect the final etching result, and in this work, it was spe-
cifically shown that for at least the particular geometry used
here, parameters like dielectric strength and sputtering yield
may play an important role in the final microstructures ob-
tained through the sputter etching process.

Table 1 Some physical properties of Al2O3 and SiO2. The energy
loss, the ranges, and the sputtering yields were obtained through
the SRIM code.16

Dielectric
Energy loss

�eV/10−10 m�
Range

�10−10 m�

Sputtering
yield

�atoms/ion�

Al2O3 773 1458±272 O: 7.9
Al: 3.98

SiO2 443 2510±470 O: 4.52
Si: 1.35
Jan–Mar 2009/Vol. 8�1�3
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