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We demonstrate that 3 keV ion beams, formed from the common noble gases, He, Ne, Ar, Kr, and
Xe, can controllably “sculpt” nanometer scale pores in silicon nitride films. Single nanometer
control of structural dimensions in nanopores can be achieved with all ion species despite a very
wide range of sputtering yields and surface energy depositions. Heavy ions shrink pores more
efficiently and make thinner pores than lighter ions. The dynamics of nanopore closing is reported
for each ion species and the results are fitted to an adatom diffusion model with excellent success.
We also present an experimental method for profiling the thickness of the local membrane around
the nanopore based on low temperature sputtering and data is presented that provides quantitative
measurements of the thickness and its dependence on ion beam species. © 2006 American Institute
of Physics. �DOI: 10.1063/1.2216880�
INTRODUCTION

Recently we reported that a low energy Ar+ ion beam
could “sculpt” nanometer scale pores in silicon nitride and
silicon dioxide films.1,2 The Ar+ ion beam incident on these
solid membranes was shown to induce lateral mass transport
on the surface of a membrane containing a prefabricated
�100 nm pore extending through its thickness. The transport
was discovered by observing the continuous closing of this
pore down to nanometer diameters during Ar+ ion beam ex-
posure. The utility of the method for creating single digit
solid state nanopore single molecule detectors has been
demonstrated.3–5 Other methods of nanopore formation are
also being actively explored.6 The physics responsible for the
ion beam sculpting process appears to be consistent with an
adatom diffusion model.1,7,8 However, another approach
based on the notion of stimulated viscous flow has been ad-
vanced to account for the potentially related phenomena of
ion beam induced ripple formation,9–11 and it must be admit-
ted that the explanation for the ion sculpting phenomena may
yet to be fully elucidated.

Low energy noble gas ion beams have been applied as
an effective tool to modify surface structures and properties
on various materials at the nanoscale.7–9,12–15 Here we
present ion beam sculpting results for a variety of noble gas
ions and ion beam fluxes to drastically change some of the
potentially relevant parameters of the process. We also intro-
duce a method for thickness profiling the material near a
nanopore and show that these profiles can be very sensitive
to the nanopore forming ion beam species used.
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EXPERIMENTAL METHODS AND RESULTS

Samples with a single large ��100 nm diameter� hole
were prefabricated in 30�30 �m2 free standing silicon ni-
tride membranes supported on 380 �m �100� silicon sub-
strates. The 275 nm thick, low stress ��200 MPa tensile�
silicon nitride membranes were grown by low pressure
chemical vapor deposition at the Cornell Nanofabrication
Center. Photolithography and anisotropic wet KOH etching

FIG. 1. �Color online� �a� Illustration of ion beam sculpting apparatus. �b�

Shrinking a larger hole to a smaller one.

© 2006 American Institute of Physics14-1
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of silicon were used to create the free standing membranes.
The initial large 0.1 �m diameter holes were created at the
membrane’s center using a focused ion beam �FIB, Micrion
9500� machine. The sizes of the all FIB holes were then
determined by transmission electron microscopy �TEM�. To
create 1–10 nm pores from the larger FIB holes, the samples
were then “ion sculpted” using a several hundred micron
diameter 3 keV noble ion beam in an apparatus described
below.

As illustrated in Figs. 1�a� and 1�b�, the apparatus counts
the ions transmitted through the hole in the silicon nitride
membrane with a Channeltron single ion detector during the
ion beam sculpting process. The ion counting rate instantly
provides information about ion irradiation flux and the size
of the hole as a function of time. During ion beam sculpting,
a 50 eV electron beam irradiates the membranes to maintain
surface charge neutrality. The apparatus is housed in a high-
vacuum chamber �10−9–10−10 mbar� and the presence of the
inert gases is verified by a residual gas analyzer. The com-
prehensive descriptions of the feedback-controlled ion beam
sculpting apparatus can be found in our previous work.1,16

The apparatus also controls parameters such as sample tem-
perature, ion beam flux F in ions nm−2 s−1, and the time in-

FIG. 2. �Color online� �a� Closing prefabricated FIB holes with He+, Ne+, A
�2�. �b� TEM image of nanopores made by He+ �top� and Kr+ �bottom�
=16.2 Kr+/nm2 s2 for Kr. The solid curves are fits to the data to Eq. �2�. �d�
ions and flux.
tervals that the ion beam can be switched on and off the
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sample. After the initial closing of a pore as indicated sche-
matically in Fig. 1�b�, the area of the pore can actually be
made to increase or decrease during the exposure by adjust-
ing these parameters.1,16

Figure 2�a� shows pores whose areas are decreasing as a
function of time �and dose� for room temperature �28 °C�
samples continuously irradiated by 3 keV He, Ne, Ar, Kr,
and Xe ions at fluxes of 0.5–0.6 ions nm−2 s−1. The pore area
decreases at a rate that depends on the ion species. The
heavier ions close the pore more quickly than lighter ions.
The curvature of the closing traces in Fig. 2�a� is concave up.
When observed in the TEM the nanopore membranes made
by lighter ions, He+ and Ne+, have less contrast and show
fine grained microstructure �Fig. 2�b�, He pore� whereas the
nanopores made by heavier ions: Ar, Kr, and Xe, have higher
contrast and show coarser grain microstructure �Fig. 2�b�, Kr
pore�. When the ion beam flux is increased the efficiency of
closing the pore on a per ion basis decreases. At fluxes lower
than �1 ion/ �nm2 s�, all the closing traces are concave up as
in Fig. 2�a�. However, when ion beam flux is increased, the
closing traces are concave down as show in Fig. 2�c� for He
at F=18 ions/nm2 s and Kr at F=16.2 ions/nm2 s. Keeping

r+, and Xe+ at low flux 0.5–0.6 ions/nm2. The solid lines are fits from Eq.
Ion beam pore closing at high flux: F=18.0 He+/nm2 s2 for He and F

ometer pores made at 28 °C in Fig. 2�a� opened at −100 °C with the same
r+, K
. �c�
Nan
all the parameters the same as those in Fig. 2�a�, but cooling
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the samples to −100 °C causes nearly closed nanopores to
increase in size. Fig. 2�d� shows such openings for He, Ne,
and Kr at F�0.5 ions/nm2 s.

Figures 3�a� and 3�b� show pore area closing dynamics
as a function of the total ion dose deposited in silicon nitride
per nm2 for He+ and Kr+, respectively. Heavy Kr ions close
pores more efficiently than the lighter He ions. Figure 3�d�
shows the stopping range of ions �He+ and Kr+� at 3 keV into
the low stress silicon nitride film predicted by the computer
simulation program SRIM �Stopping and Range of Ions in
Matter�.17

Figure 2�d� suggests that whatever the mass transport
mechanism responsible for the closing of nanopores by ion
beam sculpting, it is negligible at low temperature where the
sputter removal of surface material is dominant. This pro-
vides a means to measure the thickness profile of material
that has been previously grown by the ion sculpting process
at room temperature. Thus samples with prefabricated
�100 nm holes were first closed completely and then the ion
beam was kept on the sample for three more seconds for
each gas at 3 keV with fluxes of �0.5 ions/nm2 s. These
samples were then cooled to −100 °C and exposed to an Ar+

beam at an energy of 3 keV with a flux of �0.5 ions/nm2 s.
At this temperature, the sputtering erosion effect dominates
so the closed pores will open as shown in Fig. 4�a� for He+

and 4�c� for Kr+ closed pores. The ion beam irradiation was
stopped when the opening pore was approximately the size
of the original prefabricated FIB hole. The exact flux of the
Ar+ ion beam used to open a pore was calculated by measur-
ing the open pore area from a TEM image. The thickness of
the center of the closed pore �the thinnest part� H0 was then

18
determined from a simplified relation from Wittmaack;
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H0=Ys�Ft0, here t0 is the time measured for opening the
thinnest part of the closed pore, � is the atomic volume
��0.01 nm3/atom� for Si or N, and Ys is the sputtering yield
of Ar+ at 3 keV on Si3.5N4. The value of Ys=2.06 for Ar+ at
3 keV is used and it is calculated from the simulation pro-
gram SRIM �See Table I�. The sputtering yield Ys for Ar,
together with He in Table I were also verified by measuring
the time needed to sputter the entire 275 nm free standing

FIG. 3. �Color online� �a� Ion beam flux dependence of
pore closing for He, and �b� for Kr. �c� �1/Xm�2 vs flux
obtained by fitting pore closing data to Eq. �2�. �d� SRIM

simulation the range of 3 keV He �top� and Kr �bottom�
ion beams into silicon nitride. 100 000 ions were used.
The stoicheometry of silicon nitride used here is
Si3.5N4, and the density was set to 3.1 g/cm3.

FIG. 4. �Color online� Thickness profile for He and Xe closed pores. �a� A
completely He+ closed pore �F=0.58� opened at −100 °C with Ar+ at F
=0.53. �b� The calculated He pore thickness profile for data in �a�. �c� A Kr+

completely closed pore �at F=0.53� opened at −100 °C with Ar at F

=0.61. �d� The calculated Kr pore thickness profile for the data in �c�.
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membrane away. The measured Ys value for He is ten times
smaller than Kr, consistent with the estimation from TRIM

�Table I�. For all pores completely closed by various gases, a
total of three samples for each gas, the measured mean thick-
ness H0 is from 7 to 20 nm �see Table I�. These average
thickness values correlate with the ion penetration ranges for
He, Ne, Ar, Kr, and Xe calculated from SRIM. The lighter
ions have a larger penetration depth, as shown in Fig. 3�d�
for He, and make thicker nanopores. The estimated thickness
of He+ closed membrane is H0�He�=19.6±2.5 nm. Heavy
ions have a smaller penetration depth, as shown in Fig. 3�d�
for Kr, and make thinner pores: H0�Kr�=9.9±0.9 nm.

As the pore opens we assume the thickness H at the pore
boundary changes with the pore radius R as

H�t� = �H0 + C1R2�t� + C2R�t�� = Ys�Ft , �1�

C1 and C2 are fitting parameters characterizing the thickness
profile. Determining the pore radius R�t� from the opening
pore area data in 4�a� and 4�c� �A=�R2�t��, the thickness
profiles of He+ closed pore �Fig. 4�b�� and a Kr+ closed pore
�Fig. 4�d�� were deduced from Eq. �1�. The thickness H0

varies with ion species and ion beam parameters.
For example, a Kr+ pore closed at F=0.53 ions/nm2 s

shown in Fig. 4�d�, is flat for R�20 nm. For a He+ pore
closed with F=0.58 ions/nm2 s, the thickness profile is also
flat for R�20 nm, as shown in Fig. 4�b�, although the He+

pore is nearly twice as thick.

ANALYSIS

Noble gas atoms of He, Ne, Ar, Kr, and Xe have atomic
masses of 4, 20, 40, 84, and 131 amu, respectively. Differ-
ences in penetration depths, sputtering erosion rates, mass
transport, and morphological change are to be expected when
these ions are accelerated to the same kinetic energy and then
strike on a silicon nitride surface. From the computer simu-
lation program SRIM, one can estimate sputtering parameters
of various noble gas ions at 3 keV. The results are listed in
Table I. These results show that the nuclear stopping power
�the third column� is the dominant mechanism determining
ion range for all gases except helium. The penetration range
for helium ions is at least four times larger than the other

+ + +

TABLE I. The range and stopping power of 3 keV va
calculated by SRIM. For this series of calculations, the
ometry of Si3:5N4, and the density was set to 3.1 g
sputtering yield YS from the SRIM program, a surfa
calculated from the SRIM program except the fifth c
experiments performed in this work as shown in Fig

Gas

dE /dx
�Elec.�
�eV/Å�

dE /dx
�Nuc�
�eV/Å�

Mean
penetratio
depth �Å�

He 4.37 2.52 230
Ne 5.50 36.9 60
Ar 8.31 67.9 45
Kr 7.17 100 43
Xe 6.92 110.5 46
ions. Note how the heavier ions such as Ar , Kr , and Xe

Downloaded 13 Nov 2012 to 130.184.237.6. Redistribution subject to AIP lic
deposit a large percentage of their energy in the top 5 nm of
material.

To explain the pore closing ion beam sculpting results
described above, an ion beam incident on a solid surface
must clearly be capable of inducing lateral mass transport
near the surface, resulting in the inward growth of a thin film
from a prefabricated FIB hole boundary. Under some condi-
tions, a nanopore or completely closed pore can also be
opened into a big pore as demonstrated in Figs. 2�d�, 4�a�,
and 4�c�. This indicates that the model must also accommo-
date material removal through the sputtering process. Here
we adopt the phenomenological model presented in Ref. 1
where the competition between lateral mass flow into the
pore and ion sputter erosion of the pore determines the final
net pore area changing rate. The opening of a pore is the
result of ion sputter erosion of the pore edge, assumed to be
ever present and temperature independent. The shrinking of a
pore is a complicated process, and all the mechanisms have
yet to be totally clarified. If we assume the lateral mass flow-
ing into the pore is the result of the adatom surface diffusion
as in Refs. 1 and 2, then a quantitative relation for the pore
area changing rate can be deduced as pore area changing
rate=−pore area shrinking rate+pore opening rate:

�A

�t
=

�

�t
��R2� =

2��RF

H
�− YaXm

K1�R/Xm�
K0�R/Xm�

+ SE� , �2�

where SE is the effective cross section for sputter erosion
from the pore edge, H is the thickness of the film formed
by filling in the nanopore, � is the atomic volume
��0.01 nm3/atom� for Si or N, F is the ion beam flux, Xm is
the mean travel distance for adatoms, R is the radius of the
pore, and K0 and K1 are modified Bessel functions of the
second kind. Ya is the mobile species or adatom generating
yield on the surface. Here the adatom generating yield was
calculated as the surface mobile atoms with kinetic energy
less than the surface binding energy of 3.4 eV by the SRIM

program as shown in Table I. All the solid curves in Figs.
2�a�, 2�c�, 3�a�, and 3�b� are fits to the measured pore area as
a function of time using Eq. �2�.

To determine SE, nanopore opening data in Fig. 2�d�

noble gases into low stress silicon nitride membrane
stress silicon nitride membrane was given a stoiche-
. To calculate the adatom generating yield Ya and
nding energy of 3.4 eV was used. All values were
n: the mean thickness of pores was determined by

Mean
hickness
pore �Å�

YS

�atom
per ion�

Ya

�atom
per ion�

SE

�nm/ion�

196±25 0.23 0.18 11.3±0.4
145±25 2.05 1.79 31.1±1.6
97±44 2.06 2.31 47.2±1.2
99±9 2.25 2.70 62±5.8
78±27 2.21 3.07 52.6±1.8
rious
low
/cm3

ce bi
olum
. 4.

n t
of
are used to fit Eq. �2� assuming the closing term �first in
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brackets� is zero �i.e., the diffusion contribution to pore
shrinking is presumably frozen out�. SE values obtained this
way for He, Ne, Ar, Kr, and Xe ions are 11.3, 31.1, 47.2,
62.4, and 52.6 nm/ ion, respectively �also see in Table I�.
These SE values are then used to fit data in Fig. 2�a�. The Xm

values obtained from these curve fittings are 430�He�,
120�Ne�, 96�Ar�, 96�Kr�, and 152�Xe� nm. Pore closing data
was fitted to Eq. �2� and Xm values were extracted for all He
and Kr ions. Figure 3�c� shows plots of 1 /Xm

2 as a function
of flux F for He and Kr. From the slope of 1 /Xm

2 versus flux,
the diffusion constants of adatoms can be estimated.1 For He
ion sculpting process, the adatom diffusion constant is
1.1±0.2�104 nm2/s; for Kr it is 1.2±0.1�103 nm2/s.

The concave down high flux closing data in Fig. 2�c�
cannot be fitted to Eq. �2� if the thickness of the filling in
membrane is assumed to be a constant. However, such be-
havior can be accommodated by the model if it is assumed
that the growing membrane thickness decreases as the pore
closes. The solid curves are the fitting results assuming the
thickness H decreases linearly as the radius of the pore de-
creases. Predicting the membrane thickness and profile is
currently beyond the capabilities of any reasonably moti-
vated model of which we are aware. Within the adatom dif-
fusion picture discussed above membrane thickness is a pa-
rameter we have obtained from experimental measurements.
In a more comprehensive model capable of predicting the
membrane thickness, the competing roles of Ya and SE must
surely play a role. Thus like the pore formation itself the
membrane thickness is being controlled by the competing
thickness enhancing mobile atoms drawn to the pore region
of the membrane, whose number is controlled by Ya and Xm,
and the thickness decreasing function of sputter erosion con-
trolled by the sputtering yield Ys �which must be closely
related to SE�. Increased membrane thickness with the mean
ion penetration depth suggests that the generation of mobile
matter is not only on top of the surface, especially for He
closed pores. The mobile matter is generated and contributes
to the pore closing in the penetration range of the incident
ions.

Another view can potentially also explain the mobile
matter generated to account for the pore-closing phenom-
enon. In this view, the energy and matter deposited by the
ion beam may create a very thin ��5 nm� stressed viscous
surface layer. Due to ion implantation effects or surface ten-
sion, driven by a reduced viscosity and/or enhanced stress,
the surface layer would relax, causing the pore to close. A
related model has been used to explain atomic transport in
sputter-induced rippling.9–11 However, a concrete mathemati-
cal model has not been developed to quantitatively explain
the pore closing phenomena by this mechanism.

The phenomenological diffusion model used in this work
contains idealizations and assumptions connected with our
lack of knowledge of many microscopic properties of matter
under ion beam exposure; however, the model qualitatively
explains the experimental results, especially in predicting
pore shrinking rate. It does not rule out the possibility that
ion induced viscous flow can account for all or some of the

mass transport. However, a comprehensive fluid mechanical
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model that can explain pore closing based on near surface
ion beam deposition has yet to be fully articulated theoreti-
cally.

SUMMARY

In this work we report experimental results and analysis
for ion beam sculpting silicon nitride nanopore with different
noble gas ions. Our experiments show that 3 keV helium,
neon, argon, krypton, and xenon ion beams can be used to
controllably “sculpt” nanoscale pores in silicon nitride films
using a feedback controlled ion beam sculpting apparatus
and demonstrates that strong variations in ion mass, flux, and
sample temperature can dramatically influence the pore di-
ameters and membrane thickness profiles of the nanopores
formed. We find that �1� all the noble gas ion beams enable
single nanometer control of structural dimensions in nanop-
ores. �2� Every ion species above shows similar ion beam
flux dependence of nanopore formation: as flux increases, the
process of shrinking pores becomes less efficient. �3� At low
flux, lighter ions are less efficient in closing nanopores. �4�
The thickness and thickness profile of nanopores sculpted
with different noble gas ion beam can be estimated by as-
suming that only sputter removal of surface material takes
place at low temperature, from which we find that at low flux
lighter ions make thicker nanopores. Computer simulations
�SRIM and TRIM� and an “adatom” surface diffusion model
are employed to explain the dynamics of nanopore dimen-
sion change by competing sputter erosion and surface mass
transport processes induced by ion beam irradiation. These
experiments reveal surface atomic transport phenomena and
parameters that can be extracted for an adatom diffusion
model in a quantitative way. On average, adatom travel dis-
tances are on the order of 102 nm.
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