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Abstract—Ultrathin silicon nanoporous membranes with multi-
ple pores were fabricated using batch processes involving chemical
vapor deposition and rapid thermal annealing. Transmission elec-
tron microscope images showed the existence of nanopores with an
average pore size of 13 nm. Measurement of ionic conduction of
electrolytes with varying conductivity across the membranes con-
firmed the existence of pores and the repeatability of the process.
The functional diameter of the pores was determined by analyzing
the permeability of several industrially and medically important
globular biomolecules of varying sizes such as α-amylase, bovine
serum albumin, catalase and xanthine oxidase. Biomolecules with
hydrodynamic diameters up to 8 nm passed through the nanopores,
whereas the passage of the larger molecules was hindered. The sur-
face charges on the molecules determine the functional diameter of
the pores, and hence the permeability, as substantiated by varying
the pH of the buffer solution. The filtered proteins were found to
be uncleaved from sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, and the enzyme assay of the filtered amylase showed
that the activity remained unchanged.

Index Terms—Biomolecules, chemical vapor deposition, rapid
thermal annealing, silicon nanoporous membrane.

I. INTRODUCTION

THE separation of biomolecules based on their size and
charge is one of the common practices in the field of

biomolecular analysis for industrial and biomedical applica-
tions. Porous polymeric membranes are currently being used
for this purpose [1]–[4], but they have the disadvantage that the
molecules take a long time to pass through the porous structure
and the molecules can get stuck in the meandering pores. Silicon
nanoporous membranes (SNMs), which can be made as thin as
the size of the molecules themselves, are an attractive alterna-
tive for such applications [5]–[11]. The advantages of membrane
thickness being comparable with the size of the molecules are
lower sample loss and higher functional efficiency, without the
fear of clogging.
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Different fabrication techniques have been reported for fab-
ricating the SNMs, using processes such as electrochemical
etching [12]–[14], E-beam [15], and focused ion beam (FIB)
drilling [11], [16]. Membranes fabricated using electrochem-
ical etching are several microns thick and they are often not
suitable for biomolecular filtration because of their long and
coarse-walled pores. FIB and E-beam techniques are sequen-
tial, and are not suitable for batch processing. As an alternative,
Striemer et al. [17] reported that when a thin layer of amorphous
silicon (a-Si) sandwiched between two oxide layers is subjected
to rapid thermal annealing (RTA) at high temperatures, sponta-
neous voids are formed in the material. Our strategy is to fab-
ricate SNMs using this technique, but using plasma-enhanced
chemical vapor deposition (PECVD) for depositing the mem-
brane material instead of RF magnetron sputtering reported by
the authors, since PECVD allows better control on deposition
and nucleation. We had previously reported on the fabrication of
SNMs by depositing the a-Si layer using low-pressure chemical
vapor deposition [18]. However, this procedure had the inher-
ent disadvantage of higher thermal budget as well as a break in
vacuum between the a-Si and oxide layer depositions.

In industrial processes, when enzymes and proteins are sub-
jected to extensive purification steps, they tend to lose their
activity. The use of nanoscale filters for enriching or separating
important enzymes and proteins of low hydrodynamic diame-
ters (dh) by ultrafiltration, with minimum damage to the enzyme
activity, is desirable. α-Amylase (dh ∼ 6.4 nm), bovine serum
albumin (BSA, dh ∼ 8 nm), catalase (dh ∼ 9 nm) and xanthine
oxidase (dh ∼ 13.6 nm) are globular proteins with increasing
hydrodynamic diameters [19]–[23]. The functional diameter of
the pores in the SNMs is decided by the protein structure and
the electrostatic interactions of the protein with the membrane
material [17]. The surface charges of these proteins, obtained
from the ASA-VIEW images [24] indicate that maximum num-
ber of negative surface charges are present in catalase (45 amino
acids), followed by BSA (33 amino acids), xanthine oxidase (19
amino acids), and α-amylase (17 amino acids). A permeability
study of these industrially important biomolecules with increas-
ing dh can be used to characterize the functional diameter of the
pores.

In this study, the ultrathin SNMs were fabricated using micro-
electronics fabrication processes involving PECVD and RTA.
The permeability of functionally important biomolecules with
varying dh and surface charge has been studied using the fab-
ricated SNMs. The movement of biomolecules under simple
diffusion in the presence of an electric field and the effect of
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Fig. 1. Cross-sectional schematic of the SNM supported on silicon substrate.

varying the pH of the solution were analyzed to understand
the role of the functional diameter of the nanopores in the per-
meability of the biomolecules through the SNMs. The physical
integrity of the filtered proteins was studied and the functionality
of amylases after filtration was tested.

II. EXPERIMENTS

A. Fabrication of SNMs

The fabrication of SNMs has been described by us previously
in [18]. Some changes have been incorporated in the present pro-
cess steps. A thin layer of a-Si of 15 nm thickness, sandwiched
between two layers of silicon oxide (SiOx ) of 300 nm thick-
ness was deposited on the unetched surface of the bare silicon
wafer using PECVD (Oxford Plasma Technology, Oxford, UK).
The oxide layers were deposited from silane and nitrous oxide
chemistry at a temperature of 250 ◦C, chamber pressure of 200
mTorr, and RF power of 20 W. The a-Si layer was deposited
from 10% silane diluted with hydrogen at the same temper-
ature, pressure, and power mentioned earlier. The deposition
recipes were previously standardized by us to deposit the layers
with accurate thickness control and repeatability. The wafer was
subjected to RTA (AnnealSys, Montpellier, France) at a temper-
ature of 850 ◦C and ramp rate of 50 ◦C/s, for 30 s in nitrogen
ambient. During this process, the a-Si layer was transformed
into nanocrystalline silicon (nc-Si) with voids in between the
crystal structures. Voids were formed due to the nonavailability
of sufficient Si atoms in the ultrathin layer and the vertical con-
finement between the two oxide layers [17]. The voids spanned
the entire thickness of the nc-Si layer, thus forming through-
nanopores. The diameter and density of the nanopores were
found to be dependent on the annealing temperature. The re-
lease of the membrane was done by dry etching of the silicon
followed by the stripping of the oxide layers sandwiching the
membrane using buffered HF. Fig. 1 shows the schematic of the
cross section of a typical SNM.

B. TEM Imaging

Plan-view high-resolution transmission electron microscopy
(TEM) images of SNMs were obtained to determine the size
and density of pores in the membrane. The silicon samples were
diced into pieces of dimensions 3 mm × 6 mm with the mem-
brane at the center, as required by the specimen holder of the
TEM equipment (CM120, Philips). Each membrane was imaged
at several places in order to get an overall picture of the pore size
distribution and pore density. Images of several membranes fab-
ricated similarly were obtained to study the repeatability of the

Fig. 2. Schematic diagram of the setup used for ionic conduction and diffusion
experiments. The electrodes were absent during the diffusion experiments.

process. The diameters of the pores were determined from the
TEM images using the freeware image processing tool called
ImageJ [25].

C. Ionic Conduction Through Nanopores

In order to confirm the presence of through-nanopores in the
membranes, ionic conduction through the SNMs was measured
using a custom-made acrylic setup (see Fig. 2). The setup has
two reservoirs named left and right for convenience, separated
by the silicon chip of size 14 mm × 14 mm containing one SNM
of size approximately 220 μm × 220 μm at the center. The con-
nection between the two reservoirs was possible only through the
nanopores, as it was perfectly sealed with two silicone O-rings.
After mounting the chip onto the setup, the two reservoirs were
filled with the potassium chloride (KCl) solution of known con-
centration and pH, and set aside for 4 h to hydrate the nanopores.
Two Ag/AgCl electrodes were immersed, one in each reservoir,
to apply the voltage across the membrane and to measure the
resulting ionic current. The current voltage (I − V ) characteris-
tics of the SNMs were obtained by sweeping the voltage (B1500
A, Agilent Technologies, CA, USA) from –1 to +1 V in steps
of 100 mV. The KCl concentration was varied over five orders
of magnitude from 0.1 mM to 1 M in the ascending order, and
for each concentration, the I − V characteristics were obtained
with the same membrane. The entire experiment was repeated
with several SNMs fabricated similarly for repeatability study.

D. Permeability Study of Biomolecules Through Nanoporous
Membranes

The permeability of biomolecules through SNMs was studied
using α-amylase (Fluka, Germany), BSA (SRL, India), catalase,
and xanthine oxidase (Sigma-Aldrich, India) molecules. 300 μl
of 0.1 M phosphate buffer solution (PBS) at pH 7.0 was added
simultaneously to the left and right tubes of the acrylic setup
(see Fig. 2, without electrodes) and was kept aside for 4 h to
hydrate the nanopores. The PBS was then pipetted out from
both the tubes and 300 μl of biomolecular solution prepared
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at a concentration of 0.2 mg/ml was loaded in the left tube.
Simultaneously, 300 μl of PBS buffer was loaded in the right
tube in order to avoid any pressure imbalance on the membrane.
After 10 min, 200 μl of liquid from each tube was assayed using
the bicinchoninic acid (BCA) method as per its standard pro-
tocol [22]. The absorbance (optical density or O.D.) of assays
was measured at the wavelength of 562 nm which gave the con-
centration of the molecules in each tube. The BCA method can
detect protein concentrations over the range 0.5–1500 μg/ml.
The entire process was repeated for diffusion times of 20, 30,
and 60 min with the same membrane.

Diffusion of biomolecules through the nanopores is depen-
dent not just on the size of the molecules, but also on the
electrostatic interactions of the molecules with the pore walls.
Biomolecules and silicon surfaces are known to possess surface
charges when in contact with liquid media [26]. In particular, the
surface charges change with the pH of the solution in which the
molecules are suspended. At a particular pH, which is the char-
acteristic of the molecule, the surface bears no net charge, and
this pH is called the isoelectric pH (IEP) of the molecule [27]. If
the pH of the solution is greater than IEP, then the molecule sur-
face bears net negative charge, and if the pH is lesser than IEP,
then it bears net positive charge. In order to obtain an insight into
the permeability of the SNMs for differently charged molecules,
the pH of the buffer was changed, which in turn changed the
polarity of the surface charges on the molecules. Two pH values
of 7 and 3 were chosen for this study, and the diffusion experi-
ments were conducted for 1 h each, with α-amylase (IEP = 5.4)
and BSA (IEP = 4.7) molecules. At pH 7, both the molecules
had negative surface charges, while at pH 3, both have posi-
tive surface charges. The pore walls and the membrane surface,
which had hydroxyl groups at the interface with the solution due
to the native oxide formation, have negative surface charges at
both these pH values [28].

E. Verification Tests for the Physical Integrity and
Functionality of the Filtered Proteins

The filtered α-amylase and BSA molecules were tested by
the sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) method [29]. The protein molecules bound to SDS
become linearized and move in the gel toward the anode on the
basis of their molecular weights only. Hence, any cleavage in
the protein molecule will lead to multiple bands in SDS-PAGE.
α-Amylase and BSA samples from both the left and right tubes
were heated with SDS at 95 ◦C for 10 min and loaded on a 12%
SDS-PAGE.

α-Amylase activity was analyzed from the samples collected
from both the left and right tubes by the method of Bernfeld
[30]. The amount of reducing sugar released was quantified
using 3,5-dinitrosalicylic acid (DNS) reagent with maltose as
standard. 1 ml of reaction mixture consisting of 500 μl of 1%
soluble starch (prepared in 100 mM sodium phosphate buffer,
pH 7.5), 475 μl of the enzyme buffer (0.1 M PBS), and 25 μl
of enzyme samples from both the left and right tubes were
incubated for 15 min at 55 ◦C. An enzyme blank with DNS
added before the addition of enzyme at 55 ◦C was used as

Fig. 3. Plan-view TEM image of the SNM which was subjected to RTA at
850 ◦C. The white spots are nanopores, the gray areas are amorphous regions,
and the black spots are the crystalline nucleation centers.

Fig. 4. Distributions of (a) major and (b) minor diameter values of the pores
in the SNM.

control. The reactions were stopped by heat inactivation, and
the maltose released from starch by the amylase activity in the
enzyme mixes was assayed. One unit of enzyme releases from
soluble starch, one micromole of reducing groups (calculated
as maltose) per minute at 25 ◦C and pH 6.9 under the specified
conditions. 3 ml of reaction mixture contained DI water, maltose
(released from starch in above described amylase reactions), and
DNS reagent. Different concentrations of maltose when reacted
with DNS reagent developed different gradations of color which
was measured by noting the change in the O.D. at 540 nm.

III. RESULTS AND DISCUSSIONS

A. TEM Imaging

Fig. 3 shows the TEM image of the SNM which was annealed
at 850 ◦C. The white spots in the image are nanopores, the gray
areas are amorphous regions, and the black spots are crystalline
regions of the membrane. Since the shape of the pores was
elliptical and sometimes irregular, two diameter values were
computed for each pore—the major diameter, which was the
longest diameter of the pore, and the minor diameter, which was
the shorter diameter at the perpendicular direction to the major
axis. Fig. 4 shows the histograms depicting the distributions
of the major and minor diameters of the pores in the SNM.
The major diameter values varied between 3 and 35 nm with
an average value of 13 nm, whereas the minor diameter values
ranged from 1 to 21 nm with an average of 7.4 nm. The density
of the pores peaked at the average value, with densities falling
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Fig. 5. (a) I − V characteristics of the SNM with electrolytes of different con-
centrations. (b) Ionic conductance of SNMs versus concentration of electrolyte.

on either sides of the peak. The difference in the distributions
of major and minor diameter values shows that the majority of
the pores were elliptical in shape. However, this is not a serious
drawback for filtration of biomolecules through the pores. The
biomolecules used in this work were all globular, which assumed
spheroidal shapes when dispersed in the buffer solution. The
minor diameter values decide the cutoff size of molecules that
can pass through the SNMs. The pore sizes and density were
found to be dependent on annealing parameters, the detailed
study of which is in progress.

B. Ionic Conduction

Fig. 5(a) shows the I − V characteristics of the SNMs. The
ionic current, which was due to the passage of K+ and Cl−

ions across the membrane through the nanopores, showed lin-
ear variations with the voltage for concentrations between 1 and
1000 mM of KCl. A control sample with a membrane sans the
nanopores showed currents in femtoamperes, regardless of the
applied voltage and KCl concentration. This confirmed that the
ionic conduction was indeed taking place through the nanopores
and not through any imperfections (if any) in the setup. Differ-
ent SNMs fabricated under the same conditions gave almost the
same conductance for the given KCl concentration, as indicated
by the error bars in the conductance versus the KCl concentra-
tion graph of Fig. 5(b), indicating that there was little variation

Fig. 6. Percentage diffusion of biomolecules through the SNM, with 0.1 M
PBS at pH 7.0.

in the pore size and density from sample to sample. This makes
the fabrication method suitable for batch processing.

C. Permeability of Biomolecules Through Nanoporous
Membranes

Fig. 6 shows the results of diffusion of the biomolecules
through the SNM. At all times, α-amylase (dh ∼ 6.4 nm) dif-
fused more than the remaining molecules, whereas xanthine
oxidase (dh ∼ 13.6 nm) was almost blocked by the membrane.
This showed that even though the upper cutoff pore size as
determined from the TEM images was much higher, the effec-
tive pore size was lesser. Electrical double layers at the pore
walls [26] and electrostatic interactions between the molecules
and pore walls are responsible for this difference. Among the
remaining two molecules, even though BSA (dh ∼ 8.0 nm) and
catalase (dh ∼ 9.0 nm) had comparable sizes, the percentage
diffusion of BSA was greater than that of catalase. At pH 7,
catalase possessing more negative charges than BSA [24] expe-
rienced greater electrostatic repulsion at the negatively charged
pore walls. This is further borne out at pH 3 where both α-
amylase and BSA molecules had net positive surface charges,
and therefore got attached to the pore walls due to electrostatic
attraction. The diffusion percentage of these molecules at pH 3
was very low at 3% even after 1 h of diffusion.

In this study, only globular proteins of known dh have been
considered. A preliminary permeability study with the total cell
free extract from a filamentous fungus, Eremothecium ashbyii,
containing proteins of various shapes and sizes demonstrated
that some of the elongated proteins of higher molecular weights
could also pass through these SNMs.

D. Structural and Functionality Test of the Filtered Proteins

The α-amylase and BSA samples from both the left and right
tubes were run on a 12% SDS-PAGE to determine whether
the two proteins were physically intact after diffusion across
the SNMs. The presence of single bands at the same position
in both the left and right samples for each protein indicated
that the proteins were not cleaved after passing through the
nanopores (see Fig. 7). Hence, it should be possible to filter
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Fig. 7. Verification of the physical integrity of the proteins after diffusion
through the nanoporous membranes. Lane 1: α-Amylase in left tube after 30 min.
Lane 2: α-Amylase in right tube after 30 min. Lane 3: BSA in left tube after
30 min. Lane 4: BSA in right tube after 30 min.

biomolecules with dh ∼ 8 nm, such as enzymes, biomarkers,
and those involved in drug delivery systems, microdialysis, etc.,
using these SNMs without any physical damage.

The α-amylase samples were also analyzed for enzyme ac-
tivity by the method of Bernfeld [30]. The amount of reducing
sugar released was quantified using DNS with maltose as stan-
dard. The experiments were done three times each and the aver-
age values were considered for calculating the specific activity.
290 μg maltose was produced by 0.186 μg amylase present in
25 μl of enzyme sample in the right tube. Similarly, 1061 μg
maltose was produced by 0.668 μg α-amylase present in 25 μl
of enzyme sample in the left tube. Thus the specific activity of
α-amylase in the left and right tubes was the same and equal to
308 μmol/min per mg of the enzyme mix. This demonstrated that
the specific activity of the enzyme was not altered after filtration
indicating the possibility of using these SNMs for filtering or
enriching industrially important enzymes of low hydrodynamic
diameters without affecting their specific activities.

IV. CONCLUSION

SNMs of 15 nm thickness were fabricated by RTA of thin
a-Si films deposited using PECVD. The SNMs were imaged us-
ing plan-view TEM which gave the distribution and density of
pores in the samples. The presence of through-nanopores in the
membranes was verified by measuring the ionic current through
them for different concentrations of the electrolyte. Linear cur-
rent voltage characteristics were measured, with the current in
the range 2–850 μA, for KCl concentrations of 1–1000 mM,
while the control sample with membrane but without nanopores
showed currents in femtoampere regardless of the KCl con-
centration. The permeability of the SNMs to biomolecules of
different hydrodynamic diameters was investigated by their dif-
fusion studies. α-Amylase (dh ∼ 6.4 nm) could easily diffuse
through the pores, whereas xanthine oxidase (dh ∼ 13.6 nm)
was blocked. Diffusion rates of BSA (dh ∼ 8 nm) and cata-
lase (dh ∼ 9 nm) were quite different, even though their sizes
were comparable, due to the different surface charges that the
molecules carry. The pH of the buffer played a significant role
on the permeability. At pH 7, both α-amylase and BSA were

negatively charged and diffused through the nanopores, whereas
at pH 3, both were positively charged and did not diffuse, most
probably due to attaching at the pore walls and membrane sur-
face. The filtered proteins were found to remain physically un-
cleaved from SDS-PAGE data. The functionality of the filtered
α-amylase was checked and found to be exactly the same as the
unfiltered sample. Thus the batch processed SNMs can be used
for diffusion controlled filtration systems and for isolating and
enriching molecules from various microbial systems.
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