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Amorphous silicon micropillars show anisotropic plastic shape changes upon irradiation with 30
MeV Cu ions. The transverse plastic strain rate is (2.560.2)310217 cm2/ion at 77 K, which is
about one order of magnitude less than that of silica glass. In contrast, crystalline silicon pillars,
irradiated under the same conditions, do not exhibit anisotropic deformation. A viscoelastic and free
volume model is used to qualitatively describe the data. By irradiating partially amorphous
structures a variety of silicon microshapes can be fabricated. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1737480#

Amorphous materials such as metallic and silica glasses,
subjected to high-energy ion irradiation, show irreversible
anisotropic plastic flow at temperatures far below the glass
transition temperature;1–3 these materials expand in the di-
rection perpendicular to the ion beam and shrink in the di-
rection parallel to the ion beam, while their volume remains
constant. The deformation strain increases with ion fluence at
a constant rate that increases with ion energy and decreases
with increasing substrate temperature.3 Recently, we found
that this beam-induced anisotropic deformation leads to a
dramatic shape change of free-standing colloidal particles.4

The deformation was observed at ion energies as low as 300
keV.5

Ion beam deformation of silicon has not been studied in
detail, with the exception of hydrogenated amorphous Si
(a-Si:H) foils that did show deformation under 360 MeV ion
irradiation.6 As ion implantation of Si is a technologically
important process, it is important to study deformation of
this material. The deformation effect may then be exploited
to tailor the shape of Si microstructures. In addition, by com-
paring ion irradiation effects in the crystalline and amor-
phous phases of Si, insights into the mechanism behind the
deformation process may be acquired.

In this letter we investigate the irradiation of 1.5-mm-tall
Si micropillars with 30 MeV Cu ions. We find that pre-
amorphized pillars show anisotropic plastic deformation un-
der irradiation, while crystalline pillars do not. We determine
the deformation rate constant, compare our data with a vis-
coelastic and free volume model for deformation, and dem-
onstrate the formation of microstructures in amorphous/
crystalline composite structures.

Crystalline Si~100! pillars of 1.5mm height were made
by anisotropic reactive ion etching of a silicon-on-insulator
substrate~1.5 mm Si/3.0mm SiO2 /Si) in a SF6 /O2 plasma
using a method described in Ref. 7. By careful tuning of the

etching parameters near-vertical sidewalls were achieved.
Figure 1~a! shows a side-view scanning electron microscope
~SEM! image (2° tilt!, taken using a 20 keV electron beam,
of Si pillars with a width of 1.8mm. The pyramidal footprint
in the contact region with the silica substrate layer is char-
acteristic for the etching process and is caused by the re-
duced etch rate of Si in the~111! directions.7

Some pillars were turned amorphous using 3 MeV Xe
irradiation at fluences up to 1.031015 cm22, while cooling
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FIG. 1. Scanning electron microscopy images of~a! unirradiatedc-Si(100)
pillars, ~b! Si pillars amorphized with 3 MeV Xe, 1.031015 cm22, ~c! c-Si
pillars irradiated with 30 MeV Cu, 1.831015 cm22, ~d! a-Si pillars irradi-
ated with 30 MeV Cu, 1.831015 cm22, ~e! a-Si pillars irradiated with 30
MeV Cu, 8.231015 cm22, and ~f! partially amorphized Si pillars, subse-
quently irradiated with 30 MeV Cu, 6.131015 cm22. SEM images were
taken with a side-view tilt angle of 2°61° @~a!,~c!,~d!–~f!# and 10°61° ~b!.
Magnification is the same for all micrographs.
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the substrate holder with liquid nitrogen. These irradiations
were performed with the ion beam tilted 7° away from the
normal to avoid ion channeling. The thickness of the amor-
phous layer was determined by channeling Rutherford back-
scattering spectrometry on a planar Si~100! sample irradiated
under the same conditions, and was at least 1.5mm. Electron
backscatter diffraction patterns of the pillars during SEM
confirmed that the pillars were amorphous.

Figure 1~b! shows a side-view SEM image (10° tilt! of
amorphized silicon pillars. The dashed box in Fig. 1~b! out-
lines the outer boundaries of a pillar and is identical to that
for the crystalline pillars in Fig. 1~a!. Thus, no measurable
deformation is observed after amorphization using 3 MeV
Xe. Since ion beam-amorphized Si (a-Si) has a density that
is 1.8% lower than that of crystalline Si (c-Si),8 the pillars
must have homogeneously expanded by about 0.6%. This
expansion is too small to be observed in SEM.

Substrates containing bothc-Si and a-Si pillars were
clamped to a liquid-nitrogen cooled copper block and then
irradiated with 30 MeV Cu ions to fluences in the range
(1.8– 8.2)31015 cm22 using tandem accelerators in Rossen-
dorf and Utrecht. The irradiations were performed at normal
incidence or with the ion beam tilted 4° away from the nor-
mal to avoid channeling in thec-Si pillars.

Figure 1~c! shows a SEM image ofc-Si pillars after
irradiation to a fluence of 1.831015 cm22 at an ion beam
energy flux of 0.7 W/cm2. No anisotropic deformation of the
c-Si pillars is observed. Amorphous Si pillars@from Fig.
1~b!# irradiated under the same conditions are shown in the
SEM image of Fig. 1~d!. It can clearly be seen that thea-Si
pillars have expanded perpendicular to the ion beam and
contracted parallel to the ion beam direction, retaining the
rectangular cross sectional shape. The relative lateral expan-
sion is 12.262.0%. From measurements of the transverse
and longitudinal dimensions it follows that~within 63%)
the a-Si pillar’s volume has remained constant after defor-
mation.

By comparing the data in Figs. 1~c! and 1~d! we thus
conclude that there is a clear difference in ion beam-induced
effects inc-Si anda-Si. Ion irradiation-induced anisotropic
deformation is a universal phenomenon in amorphous
materials.9 The driving force for this effect is the electronic
stoppingSe , the energy loss of the ions into electronic exci-
tations and ionization of target atoms.10 It has been demon-
strated that the deformation effects in silica and metallic
glasses can be well described by a viscoelastic model derived
by Trinkaus and Ryazanov.11 In this model it is assumed that
thermal expansion of a cylindrically shaped region around
the ion track leads to the generation of shear stresses that
subsequently relax due to local atomic rearrangements in
~overlapping! shear sites~regions with a local free volume!.9

The net effect of this shear stress relaxation is a local in-
plane expansion perpendicular to the ion track, which freezes
in upon cooling down of the thermal spike. Within this
model, anisotropic deformation is not expected to occur in
crystalline materials, due to the lack of shear sites.2,9 In those
materials, epitaxial recrystallization at the track’s solid–
liquid interface would restore the initial state, without aniso-
tropic deformation. Our data onc-Si anda-Si provide clear
experimental support for this model.

Figure 2 shows the fluence dependence of the transverse
strain ofa-Si pillars after irradiation with 30 MeV Cu ions at
fluences in the range (2.0– 8.2)31015 cm22 at a beam en-
ergy flux of 1.5 W/cm2 ~solid squares!. As can be seen, the
transverse plastic strain increases gradually with ion fluence.
A SEM image of the sample irradiated to a fluence of 8.2
31015 cm22 is shown in Fig. 1~e!; it shows a transverse
plastic strain as high as 21.862.1%. Note that the rectangu-
lar shape of the pillar with its pyramidal footprint remains
conserved upon continued irradiation, except for the expan-
sion factor. This is attributed to the radiation-induced lower-
ing of the viscosity of the underlying SiO2 substrate~a
known effect12! that enables Newtonian plastic flow around
the interface of the expandinga-Si and the SiO2 substrate.
Assuming a constant deformation rate constantA, the trans-
verse plastic strain should increase exponentially with ion
fluencef: «T5exp(Af)21.3 The solid line in Fig. 2 is a fit
of the transverse strain data~solid squares! to this relation.
From the fit we find thatA5(2.560.2)310217 cm2/ion.

To further illustrate how we can obtain local control over
the shape of silicon microstructures by ion irradiation we
have irradiated Si pillars that were partially amorphized. The
amorphization was done by irradiating 1.5-mm-tall c-Si pil-
lars with 1 MeV Xe ions to a fluence of 2.131015 cm22 at
77 K. This resulted in the amorphization of a 710-nm-thick
top layer. SEM micrographs did not show deformation of the
Si pillars due to the 1 MeV Xe irradiation. Next, these pillars
were irradiated with 30 MeV Cu ions to fluences of 2.0
31015, 4.131015 and 6.131015 cm22 at a beam energy flux
of 1.6 W/cm2, while cooling the substrate holder with liquid
nitrogen. Figure 1~f! shows a SEM image of a partially
amorphized pillar irradiated to a fluence of 6.1
31015 cm22. As can be clearly seen, the amorphous top part
of the pillar has expanded whereas the bottom crystalline
part has remained undeformed. Note that the expansion at
the lower part of the amorphous region is constrained by the
nondeformingc-Si underneath. The transverse strain mea-

FIG. 2. Transverse strain of ion beam-amorphized Si pillars during 30 MeV
Cu irradiation at a beam energy flux of 1.5 W/cm2 as a function of Cu ion
fluence~f!. The sample holder was cooled with liquid nitrogen. The solid
squares refer to the deformation of Si pillars amorphized with 3 MeV Xe
@e.g., Fig. 1~e!#, the open circles to deformation of Si pillars amorphized
with 1 MeV Xe @e.g., Fig. 1~f!#. The solid curve is a fit to the data~solid
squares! using the relation«T5exp(Af)21 and results inA5(2.560.2)
310217 cm2/ion.
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sured at the top of the pillar is included in Fig. 2 for the three
fluences used~open circles!. These data fit well with the
trend observed for the completely amorphous pillars.

At this stage we have clearly demonstrated that 30 MeV
Cu irradiation ofa-Si leads to anisotropic deformation with
a well-defined rate constant. We can now compare the defor-
mation of ion beam-amorphized Si with the well-known de-
formation of silica glass (SiO2). Benyagoubet al.have stud-
ied the deformation of vitreous silica under high-energy ion
irradiation.3 From interpolation of their data a strain rate con-
stant of 2.5310216 cm2/ion is derived for silica at an elec-
tronic stopping equivalent to that in our experiment (Se

56.0 keV/nm). This is ten times larger than the strain rate
found for a-Si in this work ~Fig. 2!. In addition, the defor-
mation of colloidal silica particles upon MeV ion irradiation
was found to be at least ten times larger than that ofa-Si
found here.4 We can also compare the deformation of ion
beam-amorphized Si with that of hydrogenateda-Si under
360 MeV Xe ion irradiation as studied by Klaumu¨nzeret al.6

From that work a deformation strain rate of at least 5
310216 cm2/ion can be estimated atSe56.0 keV/nm, again
much higher than the value found here for purea-Si. Finally,
Chicoineet al.have studied surface deformations during off-
normal 24 MeV Se irradiation of several amorphous materi-
als and found that lateral mass transport in purea-Si was
about 30 times smaller than in fused silica.13

In the viscoelastic model the deformation rate depends
on the parameters that determine the effective diameter and
the thermal expansion of the heated region around the ion
track ~i.e.,Se , specific heat, mass density, thermal expansion
coefficient!.11 Using parameters fora-Si and silica, it is
found that the calculated deformation rate of these two ma-
terials would be quite similar, contrary to what is observed.
One possible explanation of the difference is thata-Si may
not contain a high enough amount of free volume to mediate
full shear stress relaxation. Indeed, the excess free volume in
a-Si ~relative toc-Si) is only 1.8%, whereas this difference
for amorphous SiO2 and quartz amounts to;17%. Simi-
larly, the large free volume ina-Si:H ~25 at. % H! may ex-
plain the much larger deformation rate of this material com-
pared to purea-Si. A counter argument, however, to the
amount of free volume being a limiting factor determining
the deformation is the fact that metallic glasses, that are
known to have small free volume,2 do show large anisotropic
deformation strain rates, similar to SiO2 .

One phenomenon that distinguishes silicon from most
other materials is that its molten phase has a larger density
~by 8% at the melting point! than the solid. This would imply
that the amorphous region around the ion track would ini-
tially expand as the temperature increases, but then contract
as the ion track region becomes molten. This effect could
cause a reduced deformation rate fora-Si compared to other
amorphous materials such as SiO2 .

Finally, we note that not only thermally induced viscous
flow but also ion irradiation-induced defects may cause shear
stress relaxation in the ion tracks~and thus deformation!.

Thus, the density of such defects, or the radiation-induced
viscosity, is also a parameter that might determine the defor-
mation rate. Values for the radiation-induced viscosity during
ion irradiation have been measured for botha-Si14 and
SiO2 ,12 and, under comparable conditions~2 MeV Xe!, the
viscosity of a-Si was found to be 5–10 times higher than
that of SiO2 , implying thata-Si flows less than SiO2 .

A quantitative model of the deformation ofa-Si must
therefore necessarily include~at least! the effects of free vol-
ume, density change upon ion track melting and radiation-
induced flow, and remains thus quite a challenge to establish.

In conclusion, ion beam-amorphized Si pillars show an-
isotropic plastic deformation under 30 MeV Cu ion irradia-
tion at a transverse strain rate of (2.560.2)
310217 cm2/ion. In contrast, crystalline Si pillars irradiated
under the same conditions do not show anisotropic deforma-
tion due to the lack of shear sites with local free volume. The
relatively low value of the strain rate for purea-Si compared
to SiO2 could be related to the smaller amount of free vol-
ume ina-Si, contraction of silicon upon melting, or its rela-
tively high radiation-induced viscosity. By irradiation of par-
tially amorphous structures, a variety of microshapes can be
fabricated.
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