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Abstract

We show that ultrathin porous nanocrystalline silicon membranes exhibit gas permeance that
is several orders of magnitude higher than other membranes. Using these membranes, gas flow
obeying Knudsen diffusion has been studied in pores with lengths and diameters in the tens of
nanometers regime. The components of the flow due to ballistic transport and transport after
reflection from the pore walls were separated and quantified as a function of pore diameter.
These results were obtained in pores made in silicon. We demonstrate that changing the pore
interior to carbon leads to flow enhancement resulting from a change in the nature of
molecule—pore wall interactions. This result confirms previously published flow enhancement

results obtained in carbon nanotubes.

Online supplementary data available from stacks.iop.org/Nano/23/145706/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanoengineered porous membranes have many advantages
in lab-on-chip devices, separations/filtrations, nanoelectrome-
chanical and nanofluidic systems applications [1-4], includ-
ing nanofluidic transistors [5], single-molecule detection [6,
7], DNA sequencing [8] and nanoparticle array fabrication [9].
The primary performance goals of the porous membranes
for most applications are high permeation rate and good
selectivity, which are achieved by high porosity, narrow pore
size distribution and small thickness. Here we describe a novel
porous nanocrystalline silicon membrane (pnc-Si) material,
in which nanopores are produced by crystallizing a thin
amorphous silicon film. Pnc-Si membranes satisfy all of
the requirements mentioned above, as they are 15 nm thick
with pore diameters ranging from 5 to 50 nm and porosities
between 0.1 and 15% [10, 11]. Pnc-Si membranes have been
shown to exhibit hydraulic permeability orders of magnitude
higher than existing similar membranes [12], demonstrated
precise separations of nanoparticles and proteins [12, 13], and
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were successfully used for chemical sensing [14, 15] and as
cell culture substrates [16].

In addition to their nanotechnological applications,
nanoporous membranes often offer an outstanding opportu-
nity to experimentally verify theoretically predicted trans-
port phenomena important for these applications [17-20].
Examples include a detailed study of Knudsen diffusion
recently done on electrochemically etched silicon nanochan-
nels [21] and measurement of the conductance of a single
nanopore [22]. Knudsen diffusion is a transport regime
in which a gas molecule’s mean free path exceeds the
pore diameter so that molecular collisions with pore walls
dominate over intermolecular collisions [23, 24]. In Knudsen
diffusion the wall collisions are assumed to be diffusive,
meaning that the angle of reflection of the molecule follows
Knudsen’s cosine law distribution and does not depend on the
angle of incidence [23, 25, 26].

Nanofabrication techniques also provide the means to
investigate the nature of molecule—pore wall interactions.
Maxwell introduced a tangential momentum accommoda-

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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Si wafer

Figure 1. (a) TEM images of pnc-Si and c-pnc-Si membranes. The bright circles are pores and the dark areas are diffracting nanocrystals.
The pores in the c-pnc-Si are conformally coated by a carbon layer. (b) Cross-sectional SEM image of the pnc-Si membrane imaged on the
surface of the metallized silicon wafer reveals the cylindrical nature of the pores.

tion coefficient (TMAC) that quantitatively describes the
molecule—pore wall collisions and defines the fraction of them
that undergo diffusive scattering. TMAC is equal to unity for
perfectly diffusive collisions (Knudsen regime) and less than
unity when specular collisions with pore walls are present [1,
28]. Carbon nanotube (CNT) [29] membranes experience
enhanced flow relative to the predictions of the Knudsen
model for these membranes [4, 30-32]. This enhancement
has been explained by molecular dynamics simulations which
suggest that fast transport arises due to the presence of
specular molecular collisions with smooth CNT walls [27,
33-36]. TMAC values predicted for CNT are of the order of
1073 [2, 35, 37]. Depositing carbon on the walls of a template
porous membrane and annealing it at high temperature has
been studied as an alternative to CNTs [2, 37-41]. Cooper
et al reported a TMAC value of 0.52 £ 0.1 estimated from
gas transport studies through carbonized porous alumina
membranes [41].

In this paper, we exploit the physical dimensions
of the pnc-Si membranes and their dependence on the
manufacturing parameters to observe the components of the
gas flow, and their dependence on the pore surface. First,
we characterize theoretically and experimentally gas transport
through molecularly thin pnc-Si membranes. Then we explore
the relative contributions of ballistic flow and wall collisions
in membranes with different pore sizes, which to the best of
our knowledge is the first time these components are observed
independently in an experiment. Finally, we deposit a high
quality carbon layer on pnc-Si membranes (c-pnc-Si), and
compare gas flow through c-pnc-Si and untreated pnc-Si to
test whether carbon walls indeed favor specular reflections.

2. Materials and methods

The fabrication of pnc-Si membranes has been described
in detail earlier [10, 11]. Resulting pnc-Si membranes are
15 nm thick with pore diameters ranging from 5 to 50 nm
and porosities between 0.1 and 15%. Carbonization of pnc-Si
membranes is done in a rapid thermal processing (RTP)
chamber by introducing acetylene (CoHz) for 5 min at 700 °C.
Details of this procedure can also be found elsewhere [42].

Transmission electron microscope (TEM) images of
pnc-Si and c-pnc-Si are shown in figure 1(a). The nearly
circular white areas are open pores in the membrane and
the surrounding gray areas correspond to nanocrystalline
silicon. The darker areas in the image are nanocrystals
with crystal plane alignment satisfying the Bragg condition.
Carbonization creates a conformal carbon layer on both
sides of the membrane as well as inside the pores. The
carbon ring coating pnc-Si pore is shown in figure 1(a). The
resulting thickness of c-pnc-Si is ~23.5 nm as determined
by cross-sectional scanning electron microscope (SEM)
images. The cross-sectional SEM of the pnc-Si membrane
is illustrated in figure 1(b). Image processing in Matlab [43]
is used to directly extract pore sizes and distributions,
by first outlining the pore areas and then calculating
their diameters d assuming a circular geometry [12] (see
supporting information available at stacks.iop.org/Nano/23/
145706/mmedia). Using a set of ten 1 um x 1.7 um TEM
images from random areas of the same pnc-Si membrane,
the estimated standard error is ~2% of the porosity value
(e.g. 6.9 £ 0.16%) and less than 1% of the average pore
diameter (e.g. 19.6 £ 0.1 nm).
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Figure 2. Measured N, permeance of pnc-Si membrane,
polycarbonate track-etched membrane and reported permeance of
three CNT membranes [31, 4, 32]. The pore sizes are indicated in
the figure. Experimental values for TE membranes agree with the
manufacturer data [44].

Experimental measurements of the gas permeance (N»,
He, CO;) were performed using a custom device featuring
pnc-Si membranes as in-line filters. The permeance was
determined as measured volumetric flow normalized to
membrane area and pressure drop. A schematic of the set-up
is in the supporting information (available at stacks.iop.org/
Nano/23/145706/mmedia). The set-up was also used to test
the gas flow rates of commercially available polycarbonate
track etch membranes and measured values were in agreement
with data provided by the manufacturer [44].

3. Results and discussion

The N, permeance of pnc-Si membrane with an average
pore diameter of 12 nm is compared to the published
permeances of CNT membranes [4, 31, 32] and to our
measurements of commercially available polycarbonate track-
etched membranes in figure 2. The gas permeance of the
ultrathin pnc-Si membrane is several orders of magnitude
higher than that of other materials, consistent with permeance
measurements in liquids that were recently published [12].

To verify that Knudsen diffusion is the dominant transport
mechanism through pnc-Si, we measured N, permeance (P)
for a large number of pnc-Si membranes with different pore
distributions and porosities and compared them to theoretical
values predicted for each membrane. The expected molecular
flow through a single pore is [3, 23]

n= ApAy/v2wMRT(1 + L/2r)"! (1)

where Ap is the differential pressure, Ap is the pore area,
M is the gas molar mass, L is the length and r is the pore
radius. The flow in equation (1) is defined as the rate at
which molecules enter an opening of an area A, with an
adjustment for the restrictions caused by the pore walls.
This adjustment is introduced by the Clausing factor W
(approximated transmission probability), which for a short
tube-shaped pore is given by W = (1 + L/2r)~! [18, 19, 24,
45].
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Figure 3. (a) Experimental and theoretical N, permeance of pnc-Si
membranes with different porosities and pore size distributions.

(b) Measured N;, He and CO, permeance as a function of molar
mass M. Lines represent measurements on 22 different pnc-Si
membranes, while the average slope of fitted lines is —0.45 % 0.05.
The line of slope —1/2 is a guide for the eyes.

To determine the theoretical permeance of a particular
membrane, the TEM image of that membrane was first
processed to extract pore size histograms. The molecular
flow through each pore in the image was calculated
using equation (1). The permeance was then calculated
by summing the flow rates through the individual pores
and normalizing the sum by the pressure drop and the
active area of the membrane. Experimental and theoretical
permeance values for pnc-Si membranes with porosities
ranging from 0.1% to 15% and different pore distributions
are illustrated in figure 3(a). The cutoff pore diameters for
the tested membranes ranged from 25 to 55 nm. Figure 3(a)
demonstrates the excellent agreement between Knudsen
theory and experiments for individual pnc-Si membranes.

To further investigate the transport mechanism, we
also tested the Knudsen scaling prediction that permeance
increases with the inverse square root of the molar mass of the
gas [3, 30]. The measured pnc-Si permeance values for N,
He and CO; shown in figure 3(b) are in agreement with the
Knudsen scaling prediction. Additionally, the experimental
selectivity o expressed as the ratio of gas permeances is
in agreement with Knudsen selectivity coefficients o =

VMgas2 /Mgys1 for CO,/Na, No/He and CO;z/He pairs [46,


stacks.iop.org/Nano/23/145706/mmedia
stacks.iop.org/Nano/23/145706/mmedia
stacks.iop.org/Nano/23/145706/mmedia
stacks.iop.org/Nano/23/145706/mmedia
stacks.iop.org/Nano/23/145706/mmedia
stacks.iop.org/Nano/23/145706/mmedia
stacks.iop.org/Nano/23/145706/mmedia

Nanotechnology 23 (2012) 145706

0.8+

10 20 30 40 50
pore diameter (nm)

Figure 4. Ballistic flow component Wy, for pores of different
diameters and lengths (equation (3)).

47]. Finally, the measured permeance is independent of
feed pressure, demonstrating that the contribution of viscous
flow is negligible [46, 48]. Details of these two studies are
in the supporting information (available at stacks.iop.org/
Nano/23/145706/mmedia). The agreement between transport
experiments and theory indicates that Knudsen diffusion
accurately describes transport through pnc-Si. Thus the
molecular collisions with pnc-Si pore walls are diffusive [31,
49, 50].

In 1932 Clausing formalized the concept of a trans-
mission probability W as the fraction of incoming gas
molecules that pass through a pore without being reflected
back [18]. The integral equation that calculates W considers
all possible molecular trajectories and decouples the flow
into two probabilities: the probability that a molecule passes
the pore without encountering the pore wall, W (ballistic
component) and the probability of transport through the pore
after some collision with the wall, Wy, (wall collision
component) [18, 51]. In the Knudsen regime, the transmission
probability of a cylindrical tube of length L is given by [18,
51]

L
W=%®+/Wwwmm @)
0

where the function W is the probability of the molecule
passing the tube without colliding with the wall (i.e. the
ballistic component). The second term in equation (2) (the
wall component Wyg)) represents the probability that a
molecule will pass through the pore after colliding with
the wall. The function w(x) is defined by the Clausing
integral equation w(x) = Wys(L — x) + fOL Wi (X —x)w(x’) dx’
and equals the flux density striking the wall at position x.
The functions Wy (x), Wis(L — x), Wi (X' — x) represent
the probabilities that a molecule reflected from the wall at
different positions will exit the pore. The ballistic component
Wss (L) is given by a geometric factor [18, 51, 52]

Wes = (L2 — LvVI2 + 42 + 2/ /212 3)
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Figure 5. Experimental P of pnc-Si membranes from five different
wafers before and after carbonization compared to theoretical
Knudsen predictions. Initial wafer porosities are: 2.5%, 2.87%,
3.25%, 4.97% and 5.09%. Corresponding average pore diameters
and porosities after carbonization: 20.5 nm, 1.34%; 21.3 nm, 1.3%;
17.1 nm, 1.91%; 18.5 nm, 2.86%; and 20.7 nm, 2.87%. Pnc-Si and
c-pnc-Si thicknesses are 15 nm and 23.5 nm.

The dependence of the ballistic component W, on length L
and diameter d is plotted in figure 4. The fraction of flow
due to molecules with ballistic trajectories increases as pores
become wider and shorter. For 15 nm thick membranes, 40 nm
pores result in Wy, = 0.48 whereas 10 nm pores result in
W = 0.09 [18]. The ballistic component for membranes
thicker than 50 nm becomes negligible unless the pores are
significantly larger than the membrane thickness. When either
the pore size or thickness approaches the mean free path A at
standard conditions (~70 nm), molecular collisions become
more likely and the assumption of molecular flow upon which
the Clausing formulations are based is no longer valid.

In order to experimentally determine the Wys and Wyap
components, we examined the measured flow through pnc-Si
and carbonized pnc-Si membranes. Figure 5 compares the
experimental and theoretical permeance for five membranes
before and after carbonization. The measured permeance
values for pnc-Si agree with theory. While a decrease in
porosity and increase in thickness after pnc-Si carbonization
result in lower permeance, the experimental results for
c-pnc-Si are significantly larger than predicted by Knudsen
diffusion, assuming diffusive reflections.

To extract the impact of pore diameter in membranes
of different porosities, we divided experimental permeance
values by porosity to create a normalized permeance Prorm
and this data is plotted in figure 6. To allow the direct
comparison of coated c-pnc-Si (solid squares) and non-coated
pnc-Si (solid circles) membranes, Pyorm values for 23.5 nm
thick pnc-Si were extrapolated from results obtained for
15 nm pnc-Si using the Clausing factor W = (1+L/2r) "' [18,
19, 24, 45], which lowered Pyorm by 12 cc/cm2 s bar on
average. For both pnc-Si and c-pnc-Si, the increase in Pporm
as a function of average pore diameter seen in figure 6 is due
to the increasing contribution of ballistic flow at larger pore
sizes as shown in figure 4. To the best of our knowledge this is
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Figure 6. Experimental Pyo, of 23.5 nm thick pne-Si and c-pne-Si
membranes plotted against mean pore diameter. The wall
component of Py is found by subtracting the calculated W
component from the total measured Pyorm. The error in the wall
components of Py due to the pore size distribution is less than
0.5%. The dashed lines are least-squares fits.

the first time the ballistic component of the gas flow has been
explicitly observed.

Flow enhancement at all pore diameters is clearly
observed in the carbonized membranes in figure 6. We
calculated the permeances due to Wy, by subtracting
the ballistic component for the corresponding mean pore
diameter using equation (3) from the total measured flow [23,
46] (see supporting information available at stacks.iop.org/
Nano/23/145706/mmedia). We find that the wall component
accounts for all the enhancement in the c-pnc-Si flow
(open squares—figure 6). Our analysis of flow components
provides strong evidence that carbonization enhances gas
flow by changing the nature of the molecule—pore wall
interactions from diffusive to more specular, consistent with
the high quality and graphene-like structure observed after
high temperature carbonization [38—41, 2, 42] and with
reported flow enhancements in CNTs.

4. Conclusion

In conclusion, we demonstrated that gas permeance in
ultrathin pnc-Si membranes is orders of magnitude higher
than in membranes which have similar pore sizes. We directly
observed two aspects of molecular flow through pores whose
diameters and lengths are less than the mean free path of gas
molecules. First, we found a significant contribution of the
ballistic component to the total permeance of pnc-Si, due to
the unique geometry of this nanoporous ultrathin material.
Second, we demonstrated an enhancement in permeance
caused by changing the pore wall surface from one that
scatters diffusely to one that scatters in a more specular
fashion. This enhancement occurred after high temperature
carbonization was used to deposit carbon inside the pores of
pnc-Si and is consistent with the molecular flow enhancement
reported in CNTs.
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