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lon implantation of silicon at the nanometer scale
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SiO, layers (~0.5 wm thick) thermally grown on (100) Si were irradiated with 12.5 MeV Ti ions
at 10° cm~2 fluence, and subsequently exposed to the HF vapor, in order to selectively etch the latent
tracks generated by the passage of swift ions. Nearly cylindrical nanoholes having diameters as
small as 25 nm, with an average value of 54+5 nm, were generated by this procedure. The
nanopatterned SiO, layer served as a mask for selective amorphization of the underlying Si,
achieved by implantation with 180 keV Ar* ions at a fluence of 2.0 X 10" cm™2. Dip in aqueous HF
solution was then performed to selectively etch ion amorphized Si, thus transferring the nanometric
pattern of the SiO, mask to the underlying substrate. As expected, the maximum depth of
amorphizazion in Si, and consequently of etching depth, decreases when the hole radius decreases
below values of the order of the lateral ion straggling. The effect has been characterized and
investigated by the comparison of experiments and three dimensional Monte Carlo simulations.
© 2007 American Institute of Physics. [DOI: 10.1063/1.2786098]

I. INTRODUCTION

The modification of the structural and chemical proper-
ties of solids by ion implantation is a well consolidated topic
of material science. The introduction of moderate amounts of
damage in the crystalline structure has several applications
such as the formation of waveguides in integrated optical
devices'? or the lifetime control in high power electronic
devices.> When large concentrations of defects or amor-
phization are attained, the etching properties of the implanted
layers can be considerably modified and both etching en-
hancement and frustration have been observed in semicon-
ductors and insulators.”™ Usually amorphization is achieved
by accumulation of defects and/or overlapping of small dam-
aged volumes produced by nuclear interaction of the beam
with the target atoms. In the case of insulators, the interac-
tion of swift heavy ions with the electronic system in a lo-
calized volume surrounding the ion path gives rise to addi-
tional phenomena leading to the formation of latent tracks
that can be subsequently etched by using a suitable chemical
agent.”

In general, the etching ratio of implanted to unimplanted
areas can be very high, even orders of magnitude, and this
selectivity is suitable for the fabrication of submicrometric
surface structures. Although the development of nanotech-
nology has triggered a renewed interest in this field, rela-
tively few investigations have been devoted to explore the
possibility and the limits of ion implantation at the nanom-
eter scale.'" In this paper we investigate this subject both
experimentally, using a new method for Silicon machining at
the nanometer scale, and theoretically, with three dimen-
sional (3D) Monte Carlo simulation of ion implantation
through nanometer apertures.
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Il. EXPERIMENTAL

Silicon (100) CZ n-type 0.5—1 ) cm wafers were ther-
mally oxidized in wet atmosphere at 920 °C to produce SiO,
films with a nominal thickness of 460 nm. The wafers were
irradiated at normal incidence (0+1° tilt) by 12.5 MeV Ti*’
ions at a fluence of 1.0+0.2X 10° cm™2. The electronic en-
ergy losses are about 420 and 360 eV/A at the entrance of
the SiO, layer and the bulk Si, respectively. The samples
were cut into 2X2 cm? pieces and cleaned in boiling ac-
etone for 5 min, followed by isopropilic alcohol for 5 min,
HF(49%):H,0 1:10 for 5 s, and finally rinsed in de-ionized
water. After Ti irradiation, ion track etching was performed
by heating the samples at 40 °C and by exposing them to the
vapors of a HF(49%):H,0 1:4 solution at T=25 °C for
50 min. The details of this process are described in Ref. 14.

In order to study the usability of the above structure as a
mask for nanometer scale ion implantation, the samples were
subsequently implanted at normal incidence (0+1° tilt) with
180 keV Ar* ions at a fluence of 2.0+0.2X 10" cm™2. The
ion flux was about 7 X 10'! cm™ sec™!. No appreciable de-
viation from room temperature was measured on the sample
holder. During implantation, in the same batch some virgin
silicon test samples, partially covered with a metal mask
having circular apertures in the 200—500 um range, were
also implanted. Finally the samples were immersed in a
HF(49%):H,0 1:10 quiescent solution at room temperature
first for 15 min to remove the oxide layer, and then for dif-
ferent times up to 5 h to etch the damaged silicon.

Some test samples were analyzed by Rutherford back-
scattering spectrometry in channeling geometry (RBS-C) to
determine the damage depth profile. The measurements were
performed using a 2 MeV He" beam, and a backscattering
angle of 170° in the (100) alignment. Details of the measure-
ment setup are reported in Ref. 15. Scanning electron mi-
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FIG. 1. SEM planar view of the SiO, layer after implantation with
12.5 MeV Ti ions and subsequent ion track etching in HF vapor.

croscopy (SEM) characterization was performed by a
Gemini Leo 1530 microscope by using a gun voltage of
5 kV. Swelling measurements were performed by using a
Veeco Dektak 6M mechanical profilometer.

lll. MODELING

Implantation through nanoholes was modeled with
KING3D, a 3D version of KING, a computer program for the
simulation of ion implantation in crystalline Si based on the
Monte Carlo binary collision approximation (MC-BCA). De-
tails about the code and the physical models used therein
have been reported elsewhere.'®™"® For the purposes of the
present work, a fully 3D simulation scheme was developed.
Each ion randomly impinges at the surface of a SiO,/Si
structure, where the SiO, overlayer is patterned with holes
having either cylindrical or truncated conical shape. Small
random fluctuations in hole diameter as a function of depth
are used to mimic wall roughness. 3D ion penetration and
recoil calculation are performed both in the Si substrate and
in the SiO, mask. This allows us to account for effects, such
as transmission through mask, scattering at walls, and injec-
tion of recoils from the mask into the Si substrate, which are
essential to correctly simulate implantation through apertures
of large depth to width ratio. Periodic boundary conditions
are applied parallel to the wafer surface. According to this
scheme, the ion impact domain represents the unit cell of an
infinite periodic pattern. To simulate the case of an isolated
hole, the size of the impact region must be larger than the
sum of the hole diameter plus twice the maximum radial ion
straggling. Distributions of disorder in the Si substrate result
from full recoil calculations, where the threshold energy for
elastic displacement of Si atoms is assumed to be 13 eV. To
ensure good damage statistics the number of primary ions
calculated for each run was in the range of 0.8—2X 10°,
which results in CPU load of 7—15 h on a single node of a
64-bit AMD series 242 dual processor.

IV. RESULTS

The oxide surface after high energy implantation and
vapor etching is shown in Fig. 1. Circular etched tracks are
clearly visible and their areal density equals the ion fluence
(1.0+£0.2X 10° cm™ in the present case). A cross-sectional
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FIG. 2. SEM cross-section view of the sample of Fig. 1.

view of the edge of a cleaved sample is showed in Fig. 2.
The oxide thickness after etching is 410+ 10 nm. The nanop-
ore’s diameter distribution (measured at half depth in the
oxide layer) has a mean value of 54 nm and a standard de-
viation of 5 nm. Larger, noncircular holes generated by the
superposition of two or more tracks are also visible. Due to
the stochastic nature of the ion impingement these events are
rather frequent. The nanopores have a conical shape, their
walls are inclined ~2.5° to the pore axis and have a rough-
ness of +5 nm.

Ion implantation through the nanopatterned SiO,, fol-
lowed by oxide removal and etching of Si damaged regions
below, is a viable way to produce nanoholes in the Si sub-
strate. In general, enhanced etching of Si has been reported
as a suitable technique for submicrometric pattern fabrication
(see Refs. 19 and 20 and references therein). HF has been
proven to be an effective etchant for these applications (con-
sidering that crystalline Si is practically insoluble in this
acid”') even if the nature of the process has not been clearly
explained yet. It has been shown*?* that the removal of
silicon amorphized by ion implantation is grossly nonuni-
form and that different cooling arrangements and experimen-
tal conditions of the implantation step lead to highly variable
etching rates. Before implantation through the nanopatterned
Si0O,, we implanted reference Si samples partially covered
by a metal mask with 180 keV Ar" ions at a fluence of
2.0+0.2X 10" cm™2. In spite of the accurate control of the
beam current, we actually observed a remarkable variability
in the etching rate of the samples and we believe that the
origin of this problem lies in the nonreproducibility of the
thermal contact between the mask and the sample. In Fig. 3
we show the evolution of the step height as a function of the
etching time in the HF(49%):H,O 1:10 quiescent solution
for one of the samples which exhibited the largest etching
rate (~5 nm/min).

The SEM planar view of the Si sample with the nano-
patterned SiO, overlayer after the same implantation step,
followed by 2 h etching in the HF solution, is shown in Fig.
4. The surface is smooth and the features of the oxide mask-
ing layer have been transferred to the bulk silicon. The av-
erage hole diameter at the surface is 58+ 10 nm. In Fig. 5 a
cross-sectional view of one of these nanoholes is shown. In
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FIG. 3. Stylus profilometer measurement of the step height vs wet etching
time for a bulk Si sample implanted with 2 X 10> cm™2, 180 keV Ar ions at
normal incidence.

the case of these samples we found a satisfactory reproduc-
ibility in the etching rates. The amorphized regions were
always removed in about 1 h, in agreement with the data of
Fig. 3, whereas any further immersion in the HF bath (we
tried additional times of 3 and 5 h) had no substantial effect
on the size of the holes developed in the silicon substrate.

V. CALCULATIONS AND DISCUSSION

We performed RBS channeling analysis of some bulk
reference Si samples implanted with 180 keV Ar* ions at a
fluence of 2.0+0.2X 10" cm™ and normal incidence. The
damage depth profiles were extracted from MC simulation of
the experimental spectra by the computer code BISIC.'>** The
result is showed in Fig. 6. Besides a thin partially damaged
surface region a fully disordered (amorphous) layer extends
up to a depth of ~280 nm, followed by a deeper tail of
damage. We measured a swelling of 6 nm in these samples;
considering the thickness of the amorphized region as mea-
sured by RBS, this value confirms the ~2% volume increase
upon amorphization measured in Ref. 25. The dashed verti-

FIG. 4. SEM planar view of a Si sample implanted through the SiO, mask-
ing layer with 2X 10" cm™2, 180 keV Ar ions and subsequently etched in
HF(49%):H,0 1:10 quiescent solution for 2 h.
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FIG. 5. SEM cross-section view of the sample of Fig. 2.

cal line corresponds to the etch stop depth (see Fig. 3). On
the basis of this result, we assume the threshold for the etch-
ing of damaged Si at the disorder fraction 0.65+0.05. The
maximum etched depth is considerably smaller when the ion
implantation is performed through the nanopatterned mask
than when is performed though the metal mask, or in the
bulk. To investigate this size effect, the implantation process
was modeled using the KING3D code, and the result of the
simulation of the process corresponding to the case shown in
Fig. 5 is reported in Fig. 7. If we assume that etching is
effective for damage levels larger than 0.65, the nanohole
shape and size foreseen by the simulation are in good agree-
ment with the experimental ones. It was found that the best
agreement is achieved when the true conical shape of the
SiO, apertures (Fig. 2) is taken into account. The reduced
amorphization depth, as compared with the macroscopic
case, is the result of the limited overlapping of the ion tra-
jectories, which becomes effective when the lateral strag-
gling of ions (~50 nm for 180 keV Ar") is comparable to
the radius of the mask aperture. The simulation indicates
that, with increasing the ion fluence, the amorphization depth
should increase. However, preliminary experiments showed
us that self-annealing phenomena occur for fluences of the
order of 1 X 10'® cm™2, at least for the ion fluxes employed
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FIG. 6. Damage depth profile measured by RBS channeling for a Si sample
implanted with 2 X 10" cm2, 180 keV Ar ions at normal incidence. The
dashed vertical line indicates the depth of the etch stop for the process
shown in Fig. 4.
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FIG. 7. KING3D simulation of an ion implantation step through the SiO,
masking layer with 50 nm wide and 450 nm deep nanopores. In agreement
with the shape of holes shown in Fig. 1(b), the aperture has the shape of a
truncated cone, with a diameter at the SiO, surface of ~80 nm and a diam-
eter at the Si surface of 60 nm. The gray scale represents the displaced
fraction of Si lattice atoms as a function of the spatial coordinates on a plane
sectioning the diameter of the hole.

here and in absence of sample cooling, resulting in a satura-
tion of the damaged fraction at large depth.

Figure 8 (symbols) shows the plot of the experimental
maximum etched depth as a function of the surface diameter
as obtained by the SEM cross-section observations. We only
considered nanoholes having diameter less than 90 nm. As
already discussed before, larger diameter holes with noncir-
cular shape are generated by the occasional overlapping of
two or more tracks in the oxide mask. The results of the
KING3D simulation are plotted in Fig. 8 for comparison. The
dashed line was obtained for ideal cylindrical pores in the
oxide mask, whereas the solid line was obtained for conical
pores having the shape as determined by SEM. The uncer-
tainty in the simulated maximum depth is 20 nm. Mask size
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FIG. 8. Plot of the maximum etched depth of implanted Si as a function of
the surface diameter. Experimental data (symbols), simulation with ideal
cylindrical pores (dashed line), and conical pores (solid line) in the oxide
mask.
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effects already occur for hole diameters of 200—300 nm and
become critical when the mask size is comparable with the
ion lateral straggling. The agreement with experiment is
good. The effect of conicity is to limit the minimum trans-
ferable diameter that, in present case, amounts to about
25 nm; a mask having ideal vertical walls seems then neces-
sary to obtain smaller features. Simulations were also per-
formed by introducing a ripple of +5 nm in the mask wall
diameter to mimic the observed wall roughness; the differ-
ence with the case of smooth walls was found to be negli-
gible.

VI. CONCLUSIONS

Circular holes having diameters as small as 25 nm have
been obtained on the surface of crystalline Si wafers by etch-
ing selected regions amorphized by ion implantation through
a nanostructured SiO, mask produced by ion track technol-
ogy. The amorphized depth is smaller than the one obtained
for implantation through micrometer sized apertures. This
size effects, characterized by 3D MC-BCA simulation, be-
comes effective when the mask aperture size is comparable
with the ion lateral straggling. Simulation is in good agree-
ment with experiment, provided that the true conical shape
of nanoholes in the SiO, mask is taken into account. Conic-
ity limits the minimum transferable diameter to ~25 nm.
The simulation indicates that vertical pore walls are required
to obtain smaller features.
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