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We report the closure of nanopores to single-digit nanometer dimensions by ion sculpting in a range
of amorphous materials including insulators (SiO2 and SiN), semiconductors (a-Si) and metallic
glasses (Pd80Si20) - the building blocks of a single-digit nanometer electronic device. Ion irradiation
of nanopores in crystalline materials (Pt and Ag) does not cause nanopore closure. Ion irradiation of
c-Si pores below 100 °C and above 600 °C, straddling the amorphous-crystalline dynamic transition
temperature, yields closure at the lower temperature but no mass transport at the higher temperature.
Ion beam nano-sculpting appears to be restricted to materials that either are or become amorphous
during ion irradiation. © 2010 American Institute of Physics. [doi: 10.1063/1.2905297]
The use of ion beams is an attractive method for the
manipulation of solid morphologies with control possible at
molecular dimensions. Examples include ion beam nanosculpting – the ion-induced reduction in nanopore diameter
to single-digit nanometer dimensions – in insulators1, as
well as nanoscale self-organized pattern formation2 in different materials classes: metals3, semiconductors4-8 and
insulators9,10 with lateral length scales now reaching10 7 nm.
Control of these three materials classes simultaneously at
single-digit nanometer scales could enable broadly configurable, sub-lithographic device fabrication: for example,
complex devices assembled from semiconductors, metals,
and insulators with ~ 100-nm dimensions might be shrunk
down to molecular dimensions by spatially uniform ion
beam irradiation. The integration of nanopores into single
biomolecule detecting devices has permitted the measurement of the folding conformations of individual biomolecules11 and, ultimately, holds promise for rapid DNA
sequencing.
In this Letter we report the use of ion beam nanosculpting to close individual nanopores to single-digit nanometer dimensions in the three materials classes used for
the typical electronic device. The materials exhibiting nanopore closure are all amorphous: a-Si (semiconductor),
SiO2 and SiNx(insulator), and Pd80Si20 (metallic glass) or
rapidly become amorphous upon the initiation of ion irradiation (c-Si, held at temperature T < 100 °C). Our results
showing that the sculpting effect is limited to amorphous
materials are predicted by an irradiation-induced anisotropic deformation mechanism that occurs only in amorphous materials.12,13
Samples were prepared as follows, unless stated otherwise: (1) fabrication of 50 mm μ 50 mm free-standing
membranes by a series of photolithography and wet etching
steps, (2) milling of pores in the free-standing membranes
using a 50 keV Ga2+ focused ion beam (FIB) machine, and
(3) low energy argon irradiation.
For the nitride experiments, the samples used were
200-nm thick low-pressure chemical vapor deposition
(LPCVD) grown non-stoichiometric SiNx/Si(001) substrate.
For the oxide studies, the samples used were 200-nm
thick LPCVD-grown SiNx/500-nm thick thermally grown
SiO2/Si(001). After fabrication of the membranes, the
topmost 200-nm thick SiNx capping layer was dissolved in

hot phosphoric acid to expose the oxide surface, prior to
milling of the pores.
The free-standing oxide membranes were the starting
point for the fabrication of the amorphous silicon (a-Si),
palladium silicide (Pd80Si20), Pt and Ag samples. For a-Si,
we milled ~ 700 nm diameter pores in oxide membranes
prior to a-Si deposition. We subsequently deposited ~ 250
nm a-Si at a rate of 0.025 nm s-1 using an RF magnetron
sputter deposition chamber with a base pressure of 7.7 
10-7 torr. For the Pd80Si20 pores, we milled ~ 350 nm diameter holes in the SiO2 membranes prior to deposition of
~ 650 nm amorphous Pd80Si20 at 0.07 nm s-1 using an ion
sputter deposition system with a base pressure of 8.3  10-7
torr. FIB milling of pores in the oxide membranes prior to
deposition of either a-Si or Pd80Si20 was undertaken to reduce potential of Ga contamination from the FIB milling
step. For Pt and Ag, we deposited 120 nm and 350 nm on
the oxide membranes using electron beam and thermal
sources, respectively. In all cases involving deposition, no
special precautions were taken to keep the samples cool
during ambient temperature deposition.
For the experiments on crystalline silicon (c-Si), we
employed 260 nm Si/1 m SiO2/625 m Si (SOI) substrates supplied by Silicon on Insulator Technologies. We
deposited ~ 300 nm of SiNx by LPCVD and subsequently
patterned the samples using standard photolithography and
employed wet etching steps to fabricate 50 mm μ 50 mm
membranes. Again the topmost SiNx capping layer was
dissolved by immersion in hot phosphoric acid prior to FIB
milling of pores under the conditions described earlier.
The ion sculpting apparatus has been described in detail elsewhere;1,14 typical parameters included operation of
the Kaufmann-source Ar+ ion beam at 3 keV in continuous
mode at normal incidence, chamber base pressure less than
10-7 torr, and differentially-pumped argon flowing into the
chamber at 2.0μ10-6 mbar. Feedback-controlled counting
of the Ar+ ions going through the pore in real-time, and
knowledge of the initial pore size from transmission electron microscopy (TEM), allow the determination of the
pore area in real time as it evolves during ion sculpting.
Temperature control is achieved to within 1 °C using liquid
nitrogen refrigeration and a local resistive heater.
TEM imaging and diffraction of PdSi nanopores were
performed in a JEOL 100CX2 TEM operating at 60 kV and
a field emission JEOL 2010 TEM operating at 200 kV,

respectively. For the a-Si nanopores, to prevent hydrocarbon surface contamination from accumulating in the pores
during TEM imaging and being confused with closure by
the accretion of silicon, special precautions were required.
We kept the pre-(post)-ion-irradiated c-Si nanopores in a
clean nitrogen environment and exposed them to the atmosphere only for as long as it took for them to be transferred to the irradiation chamber (TEM). TEM imaging and
diffraction of the a-Si nanopores were performed using a
JEOL 2100 TEM operating in a vacuum of 4.5 x10-6 mbar
at a reduced voltage of 120 kV to remain below the radiation damage threshold for silicon15, nominally 145 keV and
presumed to be somewhat lower for a-Si.
Typical results for pore area vs. fluence during ion
sculpting are shown in Fig. 1a. TEM micrographs of a
Pd80Si20 pore before and after irradiation are shown in Fig.
1b and c, respectively. The broad diffraction rings from an
irradiated area establish the amorphous structure of the
Pd80Si20 sample, as shown in the inset of Fig. 1a.
We observe the sculpting effect in different amorphous
materials including SiO2, SiNx, Pd80Si20, and a-Si but not in
polycrystalline thin films of Pt or Ag deposited on SiO2
thin film substrates. This observation suggests that nanopore closure is limited to amorphous materials.
That amorphousness is a necessary condition for pore
closing is supported by the results of irradiation of c-Si in a
separate system capable of wide temperature excursions.
For this experiment, irradiation was performed in an ultrahigh vacuum chamber (base pressure = 7  10-11 torr at
ambient T) with a 3-cm RF ion source (Veeco, Fort Collins,
CO). Sample heating without fine temperature control to
above 600 °C, a temperature at which the surface remains
crystalline under ion bombardment, was achieved with a
pyrolytic boron nitride heater (GE Advanced Ceramics,
Cleveland, OH). The results are shown in Fig. 2: irradiation
of c-Si pores at T < 100 °C resulted in substantial closure,
whereas irradiation under otherwise identical conditions
but at T > 600 C resulted in undetectable closure.
Studies of crystalline Si following ~1 keV argon ion
irradiation at room T have established that a surface layer
of thickness roughly (range + standard deviation) becomes
amorphous.16 At high enough T, however, amorphous
pockets created by the impinging ions are healed by thermally activated processes before a subsequent overlapping
ion impingement arrives, and the crystalline structure is
preserved. Amorphization and crystallization rates, and the
direction of motion of the a-c interface, critically depend
on T and ion mass, energy, and flux.17-21 The dynamic a-c
transition temperature is that at which both rates are equal.
We estimate this to be ~ 540 C for Si under the present
irradiation conditions. Earlier studies at ambient T have
established that very low ion fluences (~ 1014 Ar+ cm-2) are
required to amorphize surfaces;22 thus, for our fluences
(~1017 Ar+ cm-2), below 100 °C we expect the c-Si pores to
develop steady-state amorphous surface layers essentially
as soon as irradiation begins. Furthermore, above 600 C,
we expect the c-Si surfaces to remain crystalline during
irradiation.
These observations are consistent with the anisotropic
deformation mechanism that occurs in amorphous, but not
crystalline, materials.23-26 Studies involving MeV irradiation of amorphous/crystalline metallic glass multilayers
showed deformation only in amorphous regions.27,28 Fur-

thermore, the thermal-spike mechanism of anisotropic heating from electronic stopping, flow, and quenching,12 is applicable only to amorphous materials. The experimental
observations have been quantified in 1-D24 and 3-D26 using
phenomenological stress- and strain-generation models,
respectively. Subsequent results from low-energy ion irradiation experiments of free-standing nitride membranes
using 30 keV Ga2+ ions have been shown29 to be consistent
with the same constitutive relations as those developed to
describe MeV irradiation effects, despite the dominance of
nuclear stopping at low energy.
Recently, these ideas have been extended to develop
the anisotropic deformation and viscous flow model that
accounts reasonably well for pore closure in amorphous Si
pores under 3 keV Ar+ irradiation.13 In this model, compressive in-plane stress generated during ion irradiation by
anisotropic deformation is relieved within a concurrentlyformed thin viscous surface layer exhibiting radiationenhanced fluidity; the resulting flow of the amorphous viscous layer into the pore causes pore closure. A competing
model of adatom diffusion has also been shown to account
for various features of the closure of silicon nitride pores
under ion irradiation, including a flux pulsing effect and a
temperature regime where pore closing rates are strongly Tdependent.1 On the one hand the adatom diffusion model
does not predict the observation of pore closure in amorphous, but not crystalline, materials, because mobile species should – at least in principle – exist on both crystalline
and amorphous surfaces. The observation of pore closure
in amorphous, but not crystalline materials does not rule
out the possibility of adatom diffusion being the dominant
mechanism here: it is possible that the product of the adatom concentration and diffusivity on the crystalline surface
is simply too small numerically compared to the amorphous surface, but we know of no reason to expect this to
be a likely explanation. On the other hand, the flux-pulsing
effect is not inconsistent with all plausible constitutive relations for ion-enhanced fluidity within the anisotropic deformation and viscous flow model: it has been argued 13 to
be inconsistent merely with the widely used constitutive
relation in which the fluidity is strictly proportional to the
instantaneous flux. If there is a unique mechanism at play
in all the ion beam-stimulated nanopore closure experiments, its nature remains unsettled.
Fabrication of many electronic devices relies on the
integration of insulators, metals, and semiconductors. An
understanding of morphology evolution under ion irradiation and the ability to shrink features such as nanopores in
these three essential materials classes in a controllable fashion could open an entirely different fabrication route to
nanoscale devices. Multi-component devices fabricated at
small but lithographically tractable scales could be further
shrunk down to molecular dimensions via uniform ion irradiation. The integrity of the device would need to be maintained during shrinkage − this is no small challenge, but
might be possible with self-organization or feedbackcontrol. In principle, because the nanopore closure rate for
each material is a function of the ion species, energy, flux,
and flux duty cycle, nanopores in three distinct materials
should close at identical rates under identical irradiation
conditions under a nonvanishing set of conditions.
In summary, ion irradiation induced closure of nanopores has been demonstrated in amorphous SiN, SiO2, Si,
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and Pd80Si20 nanopores and in crystalline Si nanopores that
rapidly amorphize under ion irradiation, but not in polycrystalline Pt or Ag. This closing effect appears to be limited to materials that are or become amorphous, and is predicted by the mechanism of ion induced anisotropic deformation and viscous flow. At T > 600 °C, above the amorphous-crystalline dynamic transition temperature where the
c-Si surface is expected to be hot enough to remain crystalline during irradiation, we observed no significant pore
closure, whereas under 100 °C, where the surface rapidly
amorphizes under irradiation, we observe significant closure. These findings open the opportunity for the integration of insulators, metals, and semiconductors into
nanoelectronic devices at sub-lithographic length scales.
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Fig. 1 (a) Real-time fluence dependence of a Pd80Si20 pore radius during
ion sculpting with 3 keV Ar+ at ambient temperature under ion flux of
0.053 Ar+ nm-2 s-1. The inset shows, in an inverted gray scale, a diffraction
ring from the closed-in region of the sputtered sample confirming its
amorphousness. (b) and (c) are TEM images of the pore in (a) before and
after ion irradiation, respectively.

Fig. 2 TEM images of c-Si pores after 1.2 keV Ar+ normal-incidence
irradiation (a) T < 100 C, surface becomes amorphous; and (b) T >
600 °C, surface remains crystalline. Initial pore perimeters are indicated
by the dotted white contours. Irradiation above the dynamic a-c transition
temperature preserves the crystallinity of the c-Si pore during irradiation
and results in undetectable mass accretion at the pore edge. The ion flux
was 22.5 Ar+ nm-2 s-1 with a total dose of (a) 1580 Ar+ nm-2 and (b) 3040
Ar+ nm-2. A third pore (not shown) was closed completely with a total
fluence of 5400 Ar+ nm-2 below the a-c transition. The accreted material in
(a) and in the completely closed pore was confirmed to be amorphous by
TEM diffraction.

