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A membrane that allows selective transport of molecular species requires precise engineering on the
nanoscale. Membrane permeability can be tuned by controlling the physical structure and surface
chemistry of the pores. Here, a combination of electron beam and optical lithography, along with
cryogenic deep reactive ion etching, has been used to fabricate silicon membranes that are
physically robust, have uniform pore sizes, and are directly integrated into a microfluidic network.
Additional reductions in pore size were achieved using plasma enhanced chemical vapor deposition
and atomic layer deposition of silicon dioxide to coat membrane surfaces. Cross sectioning of the
membranes using focused ion beam milling was used to determine the physical shape of the
membrane pores before and after coating. Functional characterization of the membranes was
performed by using quantitative fluorescence microscopy to document the transport of molecular

species across the membrane. © 2010 American Vacuum Society. �DOI: 10.1116/1.3518911�
I. INTRODUCTION

The ability to tailor membrane features, including overall
width, pore size, and density, is essential in the development
of synthetic membranes for applications in molecular sepa-
ration or sieving. Tuning these physical characteristics al-
lows one to tailor the flux of materials based on specific
needs, simultaneously allowing modulation of hydrodynamic
resistance and physical exclusion. By modulating pore size at
the nanoscale, size-selective transport allowing the retention
of large molecules while allowing small molecules to freely
traverse the membrane is possible.1 Furthermore, by chemi-
cally functionalizing the membrane surface, chemically
based separations can be achieved.2,3

Integrating nanoporous membranes within a microfluidic
network provides a model test platform for understanding
transport and monitoring the flux of molecules across the
membrane. While previous studies have described the fabri-
cation and use of synthetic membranes within microfluidic
test platforms, most rely on the assembly of these mem-
branes within microchannels rather than direct integration. A
common approach to create such a membrane is the use of
natural membrane components, i.e., lipid bilayers, on a
substrate.4–7 The drawbacks of using lipid bilayers are their
poor long-term stability and challenges in their integration
with inorganic materials. Other common materials, such as
nuclear track-etched polycarbonate,2,8,9 porous alumina,2,10,11

silicon,3,12 silicon nitride,13,14 and carbon nanotubes,15 have
served as freestanding membranes. For these types of mem-
branes, separate fluidic structures need to be fabricated and
assembled with the membranes to create functional devices.
Examples where integration of a membrane within a micro-
fluidic network has been achieved include the use of
silicon,16 in situ polymerized materials,17 and vertically
aligned carbon nanofibers as membrane materials.18,19
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Here, we describe the fabrication of a nanoporous mem-
brane within a microfluidic platform that allows tunable
transport of molecular species between two parallel micro-
fluidic channels. The fabrication process allows precise con-
trol of pore geometry, density, and surface chemistry, which
can all be tuned to modulate the flux of different molecular
species based on size, charge, and chemical affinity. The
membrane is physically robust and directly integrated within
the microfluidic network. The physical characteristics of the
pore, including pore length, width, and density are defined
using electron beam lithography. Photolithography is used to
define the geometry of the microfluidic network. The nano-
and microscale patterns are simultaneously etched into the
silicon substrate using deep reactive ion etching �DRIE�.
Modulation of the pore size and surface chemistry is carried
out by coating the membrane surface with silicon dioxide
using plasma enhanced chemical vapor deposition �PECVD�
and/or atomic layer deposition �ALD�. The three-
dimensional geometry of the membrane pore structure was
analyzed by scanning electron microscopy �SEM� in con-
junction with focused ion beam processed cross-sections.
Functional characterization of the membranes was performed
by using quantitative fluorescence microscopy to document
the transport of molecular species across the membrane.

II. FABRICATION

Figure 1 illustrates the fabrication process of the nano-
porous membrane. Standard 100 mm silicon wafers with a
�100� orientation were used as membrane substrates. Wafers
were spin-coated with PMMA 495 A4 electron beam resist
�Microchem Corp., Newton, MA� at 2500 rpm for 45 s and
baked on a hotplate for 5 min at 180 °C. Electron beam
lithography was performed with a JEOL JBX9300-FS system
operating at 100 kV acceleration voltage and 2 nA beam
current to define the geometry of the membrane, including
the 200 nm pore width. The dose used in this process was

2
1250 �C /cm . Patterned wafers were developed in 1:3 me-
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thyl isobutyl ketone:isopropyl alcohol �IPA� for 1 min, rinsed
with IPA, and dried with nitrogen, followed by exposure to
oxygen plasma for 6 s at 100 W, 10 SCCM O2 �SCCM
denotes standard cubic centimeter at STP�, and 150 mT. A
lift-off process was carried out following deposition of 15
nm chromium by electron beam evaporation, leaving a chro-
mium etch mask only on the areas exposed by the electron
beam �Fig. 1�a��.

Conventional contact alignment optical lithography was
used to define the integrated, parallel, 200 �m wide micro-
fluidic channels as well as 1 mm diameter inlets and outlets.
MicroPrime™ MP-P20 �Shin-Etsu MicroSi, Inc., Phoenix,
AZ� was spin-coated at 6000 rpm as an adhesion promoter
prior to the photoresist coating. We used a negative photore-
sist, JSR Micro NFR 016 D2 55cP �JSR Micro Inc., Sunny-
vale, CA�, which was resistant to cracking during the cryo-
genic etching process. Wafers were baked on a hotplate at
90 °C for 90 s, exposed for 5 s, followed by a postexposure
bake on a hotplate at 115 °C for 90 s. The development
process was carried out in CD26 developer ��5% tetram-
ethylammonium hydroxide, MicroChem Corp., Newton,
MA� for 15 s, rinsed with de-ionized water, and dried with
nitrogen. After 30 s exposure to oxygen plasma at 400 W to
remove any resist residue left on the exposed areas, wafers
were baked at 180 °C for 3 min �Fig. 1�b��.

The membrane and the microfluidic channels were etched
using a cryogenic silicon etching process in an inductively
coupled plasma ion etching system �Oxford Plasmalab 100�.
The process was carried out in a mixture of O2 and SF6 gases
at −110 °C. Control of oxygen content in the SF6 flow al-
lows balance between etching and sidewall passivation on
the membrane structure, affecting the ratio of pore depth to
membrane height. Removal of the photoresist was accom-
plished by soaking the substrate in n-methyl-pyrrolidinone at
70 °C �Fig. 1�c��.

Silicon dioxide was conformally coated on the membrane
structure via PECVD �Oxford PlasmaLab 100� or ALD �Ox-
ford FlexAL�. Silicon dioxide was chosen for coating of the
pores because it can be easily modified using silanization
processes in future applications to enhance membrane selec-
tivity to charged species. By adjusting the duration of depo-

FIG. 1. �Color online� Fabrication of a nanostructured silicon membrane: �a�
e-beam lithography for membrane patterning, followed by Cr deposition and
lift-off; �b� optical lithography patterning defines the microfluidic network;
�c� a single cryogenic deep reactive ion-etch is used to transfer the pattern
into a silicon substrate; �d� PDMS sealing.
sition time used for PECVD or the number of deposition
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cycles used for ALD, control of the pore geometry was
achieved. SEM images of the fabricated nanostructure mem-
brane are shown in Fig. 2.

The microfluidic channels were sealed with a 10:1 mix-
ture of polydimethylsiloxane �PDMS� prepolymer and curing
agent �Sylgard 184, Dow Corning� �Fig. 1�d��. After degas-
sing, PDMS was cured at 75 °C for 1 h. Cured PDMS sec-
tions were cut to match the size of the silicon microfluidic
chip, which measured approximately 4 cm long and 1.5 cm
wide. Two inlets and two outlets were punched through the
PDMS using a Harris Uni-core tool with a tip diameter of
0.75 mm �Tedpella Inc., Redding, CA�. The solution was
introduced into the microchannels using a 0.03 in. outer di-
ameter Tygon microbore tubing.

III. DISCUSSION

A. Tuning membrane and pore features

The membrane height and the pore depth were determined
by deep reactive ion etching duration and process conditions.
The etch rate and sidewall profile were functions of O2 and
SF6 flow rates at cryogenic temperatures �−110 °C�. The ad-
dition of O2 with SF6 creates SiOxFy passivation layers on
the etched structure sidewall, resulting in anisotropic
etching.20 During the membrane fabrication process, the oxy-
gen flow rate controlled the anisotropy of the etch process
and significantly impacted the resulting geometry of the
membrane features. Circular membranes, having pores iden-
tical to linear membranes, were created by carrying out
DRIE using different oxygen flow rates �Fig. 3�. Although
these membranes had a circular shape, the large radius of
curvature to width ratio �10:1� resulted in negligible differ-
ences between these circular membrane structures and the
linear membranes described in greater detail here. To assess
the effects of DRIE oxygen content on pore geometry, the
SF6 flow rate, etching temperature, and etch duration were
fixed �80 SCCM, −110 °C, and 5 min�. The oxygen flow rate
was varied from 10, 11, 12, to 14 SCCM. At 10 SCCM O2

FIG. 2. SEM images of a nanostructured membrane in silicon: ��a� and �b��
top view; ��c� and �d�� side view �sample tilted by 30°�.
flow rate, etching was more aggressive compared with other
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flow rates, as demonstrated by the depth of the outer mem-
brane pores. Some variability in pore depth was also ob-
served. A similar trend was observed at 11 SCCM O2. At a
flow rate of 14 SCCM O2, the pores were shallow and excess
passivating polymer layers deposited on the sidewall were
observable. For the fabrication of the tested membrane struc-
tures, an oxygen flow rate of 12 SCCM was selected due to
its balance of pore depth and uniformity. An etching time of
5 min under these conditions resulted in a membrane height
of approximately 15 �m. In Fig. 3, the bulging area below
each pore was due to the excess passivating polymer that
deposited as etching gases were consumed locally at each
pore site during the etch process.

B. Physical and functional characterization

Some variation of pore width was observable from the top
to the bottom of the pore and along the thickness of the
membrane wall. Because of the etching profile, it was diffi-
cult to determine the size and shape of the pore aperture
using conventional SEM. This was especially difficult after
the pores were coated with silicon dioxide. Cross-sections of
the pores were created by successive milling using Ga+ ions
at 30 kV and 0.1 nA. The cross-sections facilitated direct
imaging of individual pores, ultimately allowing three-
dimensional reconstruction of the pore structure for evalua-
tion of the SiO2 coating conformality. The milling process
was carried out by orienting the ion beam perpendicular to
the membrane wall. Imaging of the process was carried out
from a top view of the cross-section �Fig. 4�. Examples of
cross-sections of bare silicon membrane and silicon dioxide
coated membranes �PECVD and ALD� are shown in Figs.
5�a�–5�c�, respectively. Atomic layer deposition provided a
conformal and even coating when compared to PECVD.
However, both techniques allowed the controllable reduction
in the minimum pore aperture size. Work is ongoing to assess
the impact of pore geometry on diffusion mediated flux and

FIG. 3. Effect of oxygen content during cryogenic deep reactive ion etching
on the nanostructured membrane in silicon: �a� 10, �b� 11, �c� 12, and �d� 14
SCCM flow rates.
membrane selectivity.
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Demonstrations of fluid flow through the microfluidic net-
work and the diffusion mediated exchange of fluorescein
across the membrane are shown in Fig. 6. An Olympus
BX51 upright microscope with Zeiss AxioCam HRC charge
coupled device camera controlled by OPENLAB software �Im-
provision, UK� was used for collecting fluorescent images.
One inlet of the coupled microfluidic channels was filled
with fluorescein and Tris buffer �left�, while the other inlet

FIG. 4. �Color online� Ion milling was performed perpendicularly to the
membrane wall; result of the cross sectioning observed from the top view.

FIG. 5. SEM images of cross section of the membrane in �a� bare silicon, �b�

silicon coated with PECVD SiO2, and �c� silicon coated with ALD SiO2.
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was filled with Tris buffer only �right�. The flow rate for both
channels was 0.05 �l /min. The silicon membrane used in
this experiment was coated with SiO2, with pores having an
average limiting aperture of approximately 100 nm. This
pore width was much larger than the fluorescein molecular
size �radius of 0.45 nm�, allowing the molecules to diffuse
easily across the membrane. The steady state concentration
profile of fluorescein along the length of the membrane �Fig.
6�b��, corresponding to the fluorescence intensity gradient
captured using fluorescence microscopy �Fig. 6�a��, provided
a quantitative measure of molecular flux across the mem-
brane. Future studies will focus on examining the effects of
molecular charge, length, size, and flow on this molecular
exchange.

IV. SUMMARY

Multiscale fabrication techniques were used to fabricate a
physically robust nanostructured membrane integrated within
a microfluidic network. Control of the membrane porosity,
through modulation of pore density, geometry, and surface
chemistry, was provided throughout the fabrication process.
The pore width and density were defined by e-beam lithog-
raphy, which can be readily tailored for specific applications.
The membrane height and pore depth were dependent on the
cryogenic deep reactive ion etching conditions. It was shown
that these etch conditions, specifically oxygen content, could
be modified to realize membranes with varying ratios of pore
depth to membrane height. Further control of pore width and
surface properties was achieved by depositing silicon dioxide
on the membrane surface using either PECVD or ALD tech-
niques. Physical characterization of membrane structures us-
ing Ga+ ion milling was used to characterize the internal pore
geometry and clearly showed the conformality of SiO2 coat-

FIG. 6. �Color online� Fluid flow through the microfluidic network and diff
observed under fluorescence microscope; �b� plot of concentration profile a
ings achieved using ALD compared with PECVD. Func-
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tional characterization of membrane structures was carried
out using quantitative fluorescence imaging techniques.

The ability to tune the porosity and the surface chemistry
of a membrane within a microfluidic network opens the door
to tailoring molecular exchange between functional compart-
ments of a microfluidic system without introducing hydrody-
namic effects. The control of pore uniformity, size, and sur-
face properties, as well as the ability to physically measure
pore geometry, is essential to developing a fundamental un-
derstanding of the impact of such parameters on selective
molecular transport. Future work will include examinations
of controlled transport based on both molecular size and
charge using chemically functionalized membrane structures
with pore sizes tailored for specific classes of molecules.
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