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Textured alumina films have been used to fabricate nanoscale pores in Si3N4 membranes. A few
nanometer-thick alumina layer was used as a masking material for nanopore fabrication, and the
pattern was transferred into a 100-nm thick, 200 �m× 200 �m Si3N4 membrane by reactive ion
etching (RIE). The nanopores were found to be concentrated in a ∼150-�m diameter region at the
center of the membrane.
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Interest in nanopore fabrication has grown in recent years.
A few techniques have been developed for the fabrication
of nanopores. Anodized aluminum is a nanoporous mate-
rial that has been used, e.g., as a template for nanostructure
synthesis,1�2 and as a shadow mask in the patterning of
nanodots over large surface areas (i.e., 1×1 cm2).3 A one-
dimensional array of nanopores horizontally aligned with
the substrate surface has also been fabricated by anodiza-
tion of aluminum.4 Polycarbonate membranes made by the
track etch method5 have pores with diameters as small as
10 nm. Such nanoporous membranes have been used as fil-
ter paper in the purification of single walled carbon nano-
tubes in suspension6 and as a template in the synthesis of
gold nanowires.7 In applications where a small number of
pores are required, electron beam lithography in combina-
tion with reactive ion etching (RIE)8 as well as focused ion
beam (FIB) micromachining9 have been used to fabricate
a small number of nanopores in a Si3N4 membrane.

The aluminum anodization process provides precise
control over the diameter of nanopores, however it is chal-
lenging to fabricate pores in thin membranes (i.e., less than
100 nm thick). In addition, both FIB and RIE in combi-
nation with e-beam lithography are not currently able to
readily fabricate large arrays of nanopores due to the serial
scanning of the ion or electron beam. This paper presents
a simple method to fabricate a random array of nanopores
in a thin (∼100 nm) Si3N4 membrane using an alumina
layer, itself containing small pores, as a masking mate-
rial. RIE was used to etch through the Si3N4 membrane so
the pore pattern naturally present in the alumina film was
transferred into the membrane.

∗Author to whom correspondence should be addressed.
†Present address: Department of Mechanical Engineering, University of

Washington, Seattle, WA, 98195, USA.

A nanoporous membrane was fabricated on a silicon (Si)
substrate whose size (length×width× thickness: 2�8 mm×
2�8 mm × 0�28 mm) was compatible with a standard
transmission electron microscope (TEM) specimen holder;
the fabricated nanopores could thereby be readily imaged
in a TEM. The process used in the fabrication of the
nanoporous Si3N4 membrane is as follows. First a 100-nm
thick Si3N4 layer was deposited on a Si wafer (�100�, 1 �-
cm resistivity, p-type, 0.28 mm thick; Polishing Corpora-
tion of America) using the low-pressure chemical vapor
deposition (LPCVD) method. A square membrane was
then defined on the Si3N4 layer by photolithography, and
the pattern was transferred into the film by RIE (etch time:
1 min, plasma power: 100 Watts, process gasses: CF4 +
O2; STS 340 RIE). KOH (45% by vol; J. T. Baker) was
used to etch completely through the Si substrate forming
a 100 nm thick, 200×200 �m2 Si3N4 membrane. An alu-
minum layer was then deposited on the top surface of the
Si3N4 membrane using electron-beam evaporation (Varian
Electron Beam Evaporator) under vacuum (5×10−7 Torr).
A quartz crystal monitor was used to detect the thick-
ness of the aluminum layer and to control the deposition
rate (∼0.5 Å/sec). Four different thicknesses of aluminum
were used as masking layers, namely 10.0, 6.0, 2.5, and
2.0 nm. The aluminum film was oxidized very quickly
upon exposure to air converting it to alumina. Following
the deposition of aluminum and exposure to air (ambient),
the Si3N4 membrane was etched by RIE (etch time: 30,
40, 50, 60, or 70 sec., plasma power: 100 Watts, CF4 and
O2 gases) forming nanopores in the Si3N4 membrane. As
a final step, the alumina mask was removed by placing
the Si substrate into Piranha solution (H2SO4 +H2O2) for
∼5 minutes. Fifty-six Si3N4 membranes (array of 4× 14
chips covering an area of 12× 42 mm2) were fabricated
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(a)

(b)

Fig. 1. TEM images of a Si3N4 membrane with a 2 nm thick alumina
masking layer etched by RIE for 30 seconds. The alumina masking layer
was removed prior to imaging. (a) An image of the nanoporous mem-
brane and (b) magnified image of a single nanopore. The membrane was
not completely etched through by the RIE and thus bowl shaped struc-
tures were achieved. The bowl diameter ranges from 50 to 55 nm.

in a single Si wafer to assess the yield of this process for
nanopore fabrication.

For the samples with a 2.0 nm thick alumina masking
layer, the Si3N4 membrane was etched for 30 seconds by
RIE, followed by the removal of the masking layer in Pira-
nha solution. The RIE etching time was selected because
it is equal to the time required to completely remove an
unmasked 100 nm thick Si3N4 film from a Si substrate.
When imaged by a light microscope (Irvine Optical Ultra-
station), the color of the membrane appeared uniform over
the entire surface, identical to an un-etched Si3N4 mem-
brane. A pitted structure was observed in the Si3N4 mem-
brane by SEM (FEI Quanta ESEM). The samples were
then imaged in a TEM (Hitachi HF-2000), which con-
firmed the formation of nanopores in the Si3N4 membrane
[Fig. 1]; however, the pores were not etched completely

through the membrane. Thus “nano-bowls” rather then
nanopores were created in the Si3N4 membrane.

An identical Si3N4 membrane with a 2.0 nm thick alu-
mina masking layer was etched for 40 seconds in the RIE
under identical conditions. Following etching the mem-
brane was imaged in a light microscope where it was
found that a roughly circular area (∼150 �m in diameter)
in the center of the square membrane appeared darker in
color [Fig. 2(a)]. The darkening of the Si3N4 membrane
is possibly due to a change in the photonic band gap of
Si3N4 in the presence of the nanopores.10�11 Following the
removal of the alumina masking layer in Piranha solution,
the Si3N4 membrane was imaged by SEM (LEO Gem-
ini 1525), which showed that a densely packed array of
nanopores was created in the center of the Si3N4 mem-
brane [Fig. 2(b)]. Imaging in the TEM indicated that the
pores had now been etched completely through the mem-
brane. SEM imaging also indicated that the density of the
nanopores decreased with distance from the center of the
membrane [Figs. 2(c) and (d)] with only a few pores cre-
ated near the edge of the membrane. The diameter of the
nanopores was quite uniform over the entire Si3N4 mem-
brane with diameters ranging from 50 to 55 nm as mea-
sured in the SEM [Fig. 2].

Figure 3 compares the normalized nanopore density to
the normalized color contrast (i.e., the pixel color number
[dark green: 255 and bright yellow: 0] divided by 255,
the maximum color number) of an image of the Si3N4

membrane taken with a light microscope (Irvine Optical
Ultrastation with a ultra-violet (UV) filter). The color con-
trast observed in the light microscope image is conceivably
caused by a change in the optical band gap of the Si3N4

membrane, which is related to the density of nanopores in
the membrane. The dark color (i.e., lower contrast) marks
the region of high pore density, which was verified in the
SEM [Fig. 2].

Further etching of a porous membrane (i.e., a membrane
with pores that have already been etched through the mem-
brane) resulted in the collapse of the membrane. Figure 4
shows SEM images of a membrane following 60-seconds
of etching in the RIE. The center area (140×140 �m2) of
the membrane has been completely removed, and a mesh
structure was formed near the edge. Therefore optimizing
the etching time is critical for achieving pore formation
without damaging the membrane.

A 2.5 nm thick alumina masking layer with an RIE etch-
ing time of 50 seconds yielded nanopores in another set
of 100 nm thick, 200 �m × 200 �m Si3N4 membranes.
Again, the central region of the membrane (150 �m in
diameter) appeared darker in color when imaged by a light
microscope. The center of the membrane was broken using
the tip of a tungsten probe (3.5 �m tip diameter, Signatone
SE-20T) to allow for cross-sectional imaging in the SEM.
The alumina mask was left intact on the Si3N4 membrane
to assess the relationship between the pores in the alu-
mina layer and the nanopores in the membrane [Fig. 5].
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Si3N4 membrane (200×200 µm2)

1 2 3

(a)

1

(b)

2

(c)

3

(d)

Fig. 2. Images of a nanoporous Si3N4 membrane formed with a 2 nm
thick alumina masking layer etched by RIE for 40 seconds. The alumina
masking layer was removed prior to imaging. (a) Light microscope image
of the Si3N4 membrane. (b)–(d) SEM images of the membrane taken
(b) 0 �m (pore density: 50.4/�m2), (c) 50 �m (pore density: 29.6/�m2),
and (d) 100 �m (pore density: 0.8/�m2) from the center of the membrane.
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Fig. 3. A plot of the normalized color contrast of a light microscope
image of a nanoporous membrane and normalized nanopore density in the
Si3N4 membrane (nanopore density: 1=50.4/�m2) verses distance from
the center of the membrane. The change in color contrast of the light
microscope image is a measure of the density of nanopores (higher the
normalized contrast the higher the pore density) in the Si3N4 membrane.

Figure 5(b) is a SEM image of the structure of the alu-
mina mask and the nanoporous membrane where the white
region is the alumina masking layer, the dark grey region
is Si3N4 that has been exposed by etching of the alu-
mina mask, and the black dots are nanopores created in
the membrane. Figure 5(b) proves that the alumina layer
functioned as a mask during the RIE etching process. The
diameter of the nanopores ranged from 17 to 30 nm sug-
gesting that the thickness of the alumina masking layer can
affect the diameter of the nanopores; however, more tests
are needed to ascertain any relationship between alumina
thickness and nanopore diameter.

The same broken Si3N4 membrane was also imaged in
the TEM. Figure 6 is a TEM image of a nanopore in a
broken section of the Si3N4 membrane; the RIE process
time (50 sec) yielded nanopores with constant cross sec-
tions in the Si3N4 membrane. The apparent wall thickness
of the nanopore shown in Figure 6 is 10 nm. Since the
actual thickness of the Si3N4 membrane was 100 nm, the
tilt angle is ∼5.7�. Accounting for this tilt angle, the diam-
eter of the nanopore in Figure 6 was ∼18 nm. Several
nanopores were imaged in the TEM; all had a constant
cross section and a roughly circular shape with a diameter
close to ∼20 nm.

For the thicker alumina films (10.0 and 6.0 nm), the
Si3N4 membrane was etched by RIE for 60 seconds. The
alumina layer was then removed in Piranha solution. SEM
imaging showed that a porous structure was not formed in
the Si3N4 membrane.

The key step in the fabrication process presented in
this paper is the deposition of the alumina masking layer.
When the substrate is initially exposed to the incident
aluminum vapor, it is expected that the aluminum atoms
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Empty spaceMesh structureSi 

(a)

(b)

Fig. 4. SEM images of an over etched Si3N4 membrane (alumina mask-
ing layer thickness: 2 nm, RIE etching time: 60 seconds). (a) One edge of
a membrane. The center part of the membrane was completely removed
and a mesh structure is left near the edge. (b) A magnified view; mesh
formed near the edge of the Si3N4 membrane.

condense and adhere to the substrate surface forming a
uniform distribution of metal clusters or islands12. This
is often referred to as the nucleation stage; as deposition
continues, the metal islands merge and coalesce partially
covering the substrate surface.12 As more metal material is
deposited on the surface, all available voids are ultimately
filled, forming a continuous metal film. The alumina mask-
ing layer used in this study was only a few nanometers
thick as measured by a quartz crystal monitor. At such
a small thickness it is likely that the metal clusters on
the substrate surface had begun to coalesce and form net-
works. The voids left by the coalescence of metal islands
form the textured film pattern that was transferred by RIE
into the Si3N4 membrane.

The chemical composition of the masking layer was
investigated by X-ray photoelectron spectroscopy (XPS;
Omicron ESCA probe equipped with an EA125 energy
analyzer). The analysis was performed on a 2 nm-thick
alumina layer. A 100 nm thick Si3N4 film was deposited
on a Si (100) substrate using LPCVD, and then a 2.0 nm

(a)

(b)

Fig. 5. SEM images of a Si3N4 membrane with a 2.5 nm-thick alumina
masking layer etched by RIE for 50 seconds. The masking layer was not
removed prior to imaging. (a) SEM image of the Si3N4 membrane that
was intentionally broken for easier imaging. (b) Image of the Si3N4 mem-
brane taken in the area indicated in (a). The diameter of the nanopores
ranges from 17 to 30 nm.

thick aluminum layer was deposited onto the Si3N4 using
electron-beam evaporation. Photoemission was stimulated
by a monochromated Al KR radiation (1486.6 eV) with an
operating power of 300 W. The analyzer was operated in
the constant analyzer energy (CAE) mode at a pass energy
of 60 eV of the electrons through the center line of the
hemispheric analyzer. Binding energies were referenced to
the C 1s binding energy set at 285.0 eV. (A survey scan
for binding energies, not shown, was performed from 0 to
1200 eV).

Figure 7 shows the XPS spectrum for binding energies
from 0 to 700 eV. Oxygen, aluminum, silicon, nitrogen,
and carbon peaks were detected in this range. Quantitative
analysis revealed that the surface of the sample contained
∼32.7 at.% Al, ∼56.6 at.% O, ∼5.9 at.% Si, ∼2.3 at.%
N, and ∼2.5 at.% C. The small amount of carbon proba-
bly was due to surface contamination because the sample
was exposed to air for several days. From the peak posi-
tions (531.9 eV for O 1s, 74.4 eV for Al 2p, 101.4 eV for
Si 2p, 397.4 eV for N 1s), silicon nitride and amorphous
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Fig. 6. TEM image of a nanopore in the same Si3N4 membrane shown
in Figure 5. This nanopore was located in a broken portion of the mem-
brane. Based on the apparent wall thickness of the nanopore (∼10 nm)
and the actual thickness of the Si3N4 membrane (∼100 nm) the tilt angle
between the pore axis and the beam axis is calculated to be ∼5.7�. Based
on this analysis the diameter of the nanopore is ∼18 nm.

aluminum oxide are present. Aluminum oxide has been
formed while the sample was exposed to air. The silicon
and nitrogen likely are from exposed silicon nitride film
because the 2.0 nm thick aluminum film may not fully
cover the silicon nitride surface. The extra oxygen (taking
account of the O:Al ratio for Al2O3� might be due to Si–O
bond formed on the silicon nitride surface and/or surface
contamination.

In an effort to determine why the nanopores are concen-
trated in the center of the Si3N4 membrane, the 2.0 and
2.5 nm thick alumina masking layers were surveyed by
atomic force microscopy (AFM: JEOL 5200) prior to etch-
ing in the RIE. AFM images showed that the distribution
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Fig. 7. XPS survey scan results; the peaks of O 1s and 2s, Al 2s and
2p, Si 2s and 2p, N 1s, and C 1s were observed.

of nanopores in the alumina film was essentially uniform
over the entire Si3N4 film including the film on Si substrate
for both 2.0 and 2.5 nm alumina layer. The non-uniform
distribution of pores in the Si3N4 membrane must there-
fore arise from the RIE process. Further characterization
of the pristine alumina mask in the SEM and TEM was
performed but was unsuccessful. It was challenging to get
high resolution images of the masking layer in the SEM
due to charging of the non-conductive alumina film and
Si3N4 membrane. Also the alumina layer could not be
readily imaged in the TEM due to the thickness (100 nm)
of the Si3N4 membrane.

In Figure 8 are SEM images of the 2.5 nm thick alumina
layer on a Si3N4 membrane following 50 seconds of etch-
ing in the RIE. The alumina masking layer (white color
in Fig. 8) in the center of the membrane was etched more
than that near the edge of the membrane suggesting the
etching rate is higher in the center of the membrane then
near the edges. This effect was also observed in the etching
of Si3N4 membranes without the alumina masking layer.
Two different sized Si3N4 membranes (1000× 1000 �m2

and 30×30 �m2) were fabricated using the same process

(a)

(b)

Fig. 8. SEM images of an alumina masking layer on a Si3N4 membrane
etched by RIE for 50 seconds. (a) SEM image of the highly porous
alumina layer in the center of the membrane (white area shows alumina
layer). (b) SEM image taken near the edge of the membrane showing a
less porous alumina layer. These images show that etching of the masking
layer was faster in the center of the membrane than near the edge.

J. Nanosci. Nanotechnol. 6, 2175–2181, 2006 2179
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Table I. Yield: Success (�) and failure (×) (yield = 66%a).

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 � � � � � � × � � � × × × ×
2 � � � � � � � � � � × × × ×
3 � � � � � � � � × × � × × ×
4 � � � � � � � � × � × × × ×
anote that yield for “left region” could be considered as 27/28, or 31/32.

outlined above and then etched by RIE for 10 sec. Note
that 30 seconds of RIE is needed in order to remove a
100 nm thick Si3N4 film (not suspended) from the Si
substrate. Following the RIE, the center of the 1000 ×
1000 �m2 membrane was completely removed forming a
large hole. A hole was, however, not found in the 30×
30 �m2 membrane. We speculate that the etching in the
center of the membrane may be more aggressive, because
the membrane is more compliant in the center than near
the edge. The energetic ions exert pressure on the mem-
brane causing an increase in the stiffness near the edge
of the membrane, which leads to a decrease in the etch-
ing rate. Similarly, the smaller membrane (30×30 �m2),
which has a higher stiffness, had a slower etching rate. The
mechanism that leads to the distribution of etching rates
across the membrane has not been clearly determined and
could be the focus of further work.

During the RIE plasma process used to etch Si3N4, CF4

molecules have been reported to dissociate to yield cations
such as CF+

3 , COF+
2 , CO+

2 , O+
2 , O+, F+, and F+12–14

2 ; elec-
trons and anions such as F− are likely also present. Physic-
ochemical etching of the Si3N4 film is realized by some or
all of these reactive and charged species, and in particular
the cations and any neutral species are expected to play
a role, because the Si chip array with the Si3N4 film was
mounted on the cathode in the plasma etcher.

Counting the number of membranes with a darkened
region in the center provided a quick measure for the yield
of the fabrication process. Imaging with a light microscope
indicated that nanopores using a 2 nm thick alumina layer
were successfully created in 37 out of the 56 membranes
on a single Si substrate [Table I]. Thus the current fabri-
cation process has a moderate yield of 66%; however we
note that the success rate was much higher for those mem-
branes in the “left region” of the array of chips. This yield
was consistent for several Si wafers with either the 2.0
or 2.5 nm thick alumina masking layer. The uneven etch-
ing of the Si wafer was ascribed to the RIE system used
in this experiment. It was observed that the etching rate
was higher in the center of the RIE. To improve the yield,
the Si wafer may be moved with respect to the plasma so
that each group of chips has a similar etching rate. This
was not possible with the RIE system used in this study.
Another potential method of improving the process yield
is to identify those chips in which pores were not created
using optical microscopy and etch them for an additional
amount of time in the RIE.

In conclusion, 100-nm thick Si3N4 membranes with
a random array of nanopores were successfully fabri-
cated using a thin alumina layer as a masking mate-
rial. The alumina layer is itself nanoporous, and the pore
pattern was transferred into the underlying Si3N4 mem-
brane using RIE etching. The nanopores were concen-
trated in the center of each square membrane. Compared
to other methods, this method is a relatively straightfor-
ward way to create nanopores in a thin Si3N4 (thus, dielec-
tric) membrane. Potential applications of the nanoporous
membrane include as a TEM substrate, as a component
in a biosensor, or as filter paper, among other potential
applications.
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