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ABSTRACT

Electro-osmotic (EO) pumps directly convert electrical energy into fluids’ kinetic
energy, which have many advantages such as a simple and compact structure, no
mechanical moving parts, and easy integration. In general, it is easy for EO pumps to
generate enough pressure but it has been a challenge for EO pumps to produce a high
flowrate. EO pumps have found applications in various micro-/nano-electro-mechanical
systems (MEMS/NEMS) and have the potential to impact a variety of engineering fields
including microelectronics cooling and bio-analytical systems. This dissertation focuses
on the design, fabrication and characterization of EO pumps based on two novel porous
membrane materials: SiO,-coated anodic porous alumina and SiNy-coated porous silicon.

High quality porous alumina membranes of controllable pore diameters in the
range of 30-100 nm and pore lengths of 60-100 wum were fabricated by electrochemical
anodization. The pores are straight, uniform and hexagonally close-packed with a high
porosity of up to 50%. The inner surface of the pore was coated with a thin layer (~5 nm)
of SiO, conformally to achieve a high zeta potential. The EO pumping flowrate of the
fabricated anodic alumina membranes, coated and uncoated, was experimentally
measured. Results indicate that the high zeta potential of the SiO, coating increases the
pumping flowrate even though the coating reduces the porosity of the membrane. The
nanostructured SiO,-coated porous anodic alumina membranes can provide a normalized
flowrate of 0.125 ml/min/V/cm® under a low effective applied voltage of 3 V, which sets

a record high normalized flowrate under low applied voltage.
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To realize field effect control of EO pumping, we designed and fabricated SiN-
coated porous silicon membranes with the silicon core as the electrode to apply a
transverse gate potential. The gate potential will modulate the zeta potential of the pore
wall and thereby provide control over the EO flowrate. The membranes were fabricated
out of heavily doped silicon wafers using microfabrication techniques. The pores have a
15 um x 40 um cross sectional area with a thin layer of SiNy coated conformally over the
pores by low-pressure chemical vapor deposition (LPCVD). The range of gate voltages
applied was from -45 V to +40 V. For V, <0, current leakage through the SiNy film was
observed whereas negligible leaking current was detected for V, > 0. This current
rectification effect is known as electrolytic rectification, as a result of which a greater EO
flow control, nearly 70% reduction in flow velocity, was observed for positive gate bias
and 15% flow velocity enhancement under negative gate bias of similar magnitude.

Ionic current is closely related to EO flow and the last part of the dissertation is
devoted to ionic current measurements through commercially made nanoporous glass
membranes (4 nm average pore diameter). This study was motivated by a molecular
dynamics (MD) simulation highlighting an unusual ionic current trend in a 3 nm diameter
pore having high surface charge density at high electrolyte concentrations. The ionic
current was measured with two kinds of electrolytes — NaCl and KCI. The experimental
results, however, indicated an expected linear trend of ionic current for electrolyte
concentrations beyond 1 M, contrary to the results of the MD simulation study, which

was attributed to a low surface charge density measured for the porous glass membranes.
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CHAPTER 1

INTRODUCTION

1.1 Electro-Osmosis

When an electric field is applied to a heterogeneous system consisting of a solid
body (an insulator) in contact with an electrolyte solution, a solution flow known as
electro-osmosis could be developed. The solid is most commonly a capillary porous
body, while the electrolyte solution is an aqueous medium. This phenomenon attracted
the attention of scientists long ago and was first demonstrated by F. F. Reuss at the
beginning of the 19" century (Reuss 1809) wherein he showed through experiments that
under the influence of an applied electric field water migrated through porous clay
diaphragms toward the cathode. This, he reported, was a consequence of the fact that
clay, sand and other minerals carry negative surface charges when in contact with water;
the water containing some dissociated salt. The charged surface attracts the positive ions
(counter-ions) in the water and repels the negative ions (co-ions). The counter-ions
therefore accumulate within an electrical double layer (EDL) sheath next to the charged
surface, and under the application of an electric field result in a net migration of ions in
the double layer toward the cathode (figure 1.1). Due to viscous drag, the water within
the pores is pulled by the moving double layer ions thus generating a flow through the
porous medium.

However, notwithstanding the unusual nature of this phenomenon, electro-

osmosis remained only an interesting scientific curiosity till the middle of the 19" cent-



ury. Scientific works raising the question of the causes of this phenomenon appeared only
in the mid 1860s. Quincke observed electro-osmosis with glass capillaries and studied the
phenomenon more systematically for a variety of materials and reported quantitative
measurements (Quincke 1861). Helmholtz adopted his idea and proposed the double
layer theory, which related the electrical and flow parameters for electrokinetic transport
(Helmholtz 1879). He was the first to derive equations for electro-osmosis. In deriving
the relevant expression, he assumed the pore to be a uniform capillary. He did not include
the dielectric permittivity term in the equation. Smoluchowski used Helmholtz’s
expression with the permittivity term and applied it to a cross-section of arbitrary shape
(Smoluchowski 1905). This expression is now known as the Helmholtz-Smoluchowski

equation and is written as

e, CE,

U= , 1.1
u (1.1)

where u is the EO velocity, E, is the component of electric field in the positive x
direction, £ is the zeta potential/surface potential, u is the dynamic viscosity, &, is the
permittivity of vacuum, ¢ is the relative dielectric permittivity of the medium (dielectric

constant).
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Figure 1.1 (a) Electrochemistry of a solid-liquid interface. Counter-ions in the liquid
accumulate in the vicinity of the charged surface forming the electric double layer. (b) An

externally applied electric field causes motion of counter-ions that shield a negative

surface charge. Viscous drag causes the flow.



1.2 Electro-Osmotic (EQ) Micropumps

Although the phenomenon of electro-osmosis has been known for nearly two
centuries, its application to miniaturized devices, pumps in particular, for the generation
of fluid flow has been of interest only in the last three decades. EO pumps are devices
with no moving parts and offer distinct advantages over other micropumps in terms of
pressure — they are known to generate significant pressure through pores or channels. The
first instance of using electro-osmosis to drive fluid was reported by Pretorius et. al. in
the mid-1970s (Pretorius et al. 1974). They used EO flow to drive liquid through a
chromatographic separation column as an alternative to high pressure pumping. However
they did not demonstrate the ability to generate high pressure. They used a 5 cm long, 1
mm inner diameter glass column packed with polydisperse silica particles (particle
diameter ranging from 1-20 um) to generate EO flow and reported a flow velocity of 0.2
mm/s at a field of 2000 V/cm. They concluded that adequate flowrates can be attained by
using acceptable electric field strengths and that flowrate is substantially independent of
the channel size. The very next year Theeuwes patented an EO pump for the generation
of relatively high-pressure flow streams (Theeuwes 1975a, 1975b). He introduced the
concept of miniaturized EO pump and designed a pump with a fluid dispenser attached to
it. The pumping device was a porous plug made of porcelain, having 0.1 um diameter
pores, 21% porosity and 0.2 cm thick. He demonstrated a flowrate of 0.3 ml/hr with an
output pressure of 0.7 atm at an applied potential of 50 V. The main application of his
device was for a variety of controlled drug delivery systems. He also noted that the pump

pressure showed a linear dependence to applied voltage.



Two and a half decades later, Gan and co-workers reported an EO pump flow
injection analysis system with two homemade EO pumps and applied it in the
determination of chromium (VI) traces in waste-water (Gan et al. 2000). Their EO pump
consisted of a porous core made from boric glass powder by high temperature sintering.
The porous core was 35 mm in diameter, 13 mm thick and had a pore size of 2-5 um
inner diameter. They demonstrated the pumping of several different electrolyte
chemistries and their effect on the EO current, flowrate and efficiency of the pump. Their
pumps generated a maximum flowrate of 3 ml/min at an applied voltage of 500 V
resulting in a pump efficiency of approximately 87%. The maximum achieved pressure
was 1.5 atm. That same year, Paul and Rakestraw (Paul and Rakestraw 2000) built and
patented a packed column EO pump consisting of a glass capillary having a porous
dielectric medium packed with silica beads and having the capability of generating high
pressures. The capillary used was 15 cm long with an inner diameter of 75 um and the
silica beads were 3 um in diameter. For an applied field of about 300 V/cm, they
observed a pressure in excess of 170 atm. The inventors and co-workers later patented the
use of these pumps as miniaturized high-pressure valves (Paul et al. 2001).

The following year, Zeng et. al. presented an analytical model and
characterization of a relatively large inner diameter (> 500 um) EO pump and described
it’s low and high back pressure operation (Zeng et al. 2001). Their EO pumps were
fabricated by packing fused silica capillaries (500-700 wm inner diameter) with 3.5 um
diameter non-porous silica particles. The maximum flowrate and pressure generated by
the EO pump was 4.8 uwl/min and 23.5 atm, respectively at 2 kV applied voltage. In an

effort to increase the flowrate of such pumps the authors later used polymerized porous



frit structures densely packed with non-porous silica particles (Zeng et al. 2002). The frits
were made using UV photopolymerization and the particles were packed using a novel
side-bore packing technology (figure 1.2). These structures resulted in a maximum
flowrate and maximum pressure of 0.8 ml/min and 2 atm, respectively at 1.0 kV applied

voltage.

Figure 1.2 (a) Schematic illustration of parts and procedures for fabricating polymer frit
EO pumps: (i) three similar frames are fabricated in acrylic; (ii) frits are polymerized into
two of the frames; and (iii) the three frames are bonded and particles are loaded through a
side port on the middle frame. (b) Scanning electron micrograph of polymer frits. (Zeng

et al. 2002)

That same year, members from the same group also presented a planar EO
micropump fabricated on a soda-lime glass substrate using photolithography and
chemical wet etching techniques (C. H. Chen and Santiago 2002). They achieved a

maximum pressure of 0.33 atm and a maximum flowrate of 15 ul/min at 1 kV that agreed



well with their theoretical model.

(@)

Figure 1.3 (a) Optical image of the porous glass frit. (b) A scanning electron micrograph

of the same frit. (Yao et al. 2003)

Moving away from packed particle EO pumps, Yao et. al. reported EO pumps
fabricated out of commercially available sintered porous glass frits (Yao et al. 2003).
They performed a thorough analytical investigation of their pumps and modeled the EO
flowrate, total pump working current and thermodynamic efficiency. Later they used
their model as a design guideline and presented a detailed experimental validation of the
performance of their pumps. The glass frit used was 5 mm thick and 40 mm in diameter
with pore sizes on the order of 1 wm (figure 1.3). Their pump had a maximum flowrate
and pressure capacity of 33 ml/min and 1.3 atm respectively, at an applied potential of
100 V. In addition to the pump they also demonstrated and characterized a gas
recombination device to allow the cathodic hydrogen gas to bypass the pump output flow
stream and combine directly with the oxygen produced at the anode. This device ensured

that the pressure in their closed-loop system stayed under 0.1 atm (figure 1.4).
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Figure 1.4 Schematic of the EO pump system designed by Yao, along with the gas
recombination device. The hydrogen gas generated at the cathode permeates through the
gas permeable teflon membrane and combines with the oxygen generated at the anode.
The platinum catalyst recombines the hydrogen and oxygen gas into water. (Yao et al.

2003)

More recently, EO pumps have been fabricated out of porous monoliths. The
advantage of using a monolith is that it can be prepared in situ by a simple chemical
synthesis process and completely fills the volume of the designed chamber or a capillary.
Tripp et. al. synthesized porous polymer monoliths by polymerization from liquid
precursors and grafted the pore surface with ionizable monomers (Tripp et al. 2004).
They studied and quantified the effects of pore size, percentage of ionizable moieties in

the grafted layer, cross linking density, and driving voltage on flowrate and pressure.



Their monoliths generated a high pressure of 3.75 atm and a flowrate of up to 0.41
ml/min at an applied potential of 50 V. Wang and colleagues used silica monoliths
fabricated by a sol-gel process to develop an EO pump (Wang et al. 2006). Since their
monolith was silica based they were able to use organic solvents without swelling issues.
The maximum flowrate and pressure generated by their 100 um inner diameter monolith
was 2.9 ul/min and 3 atm, respectively at 6 kV applied voltage.

Silicon has been another alternative material used in the fabrication of EO pumps.
Laser and co-workers reported EO pumps fabricated from silicon substrates and tested
them for integrated circuit thermal management applications like single phase forced
convective cooling of small IC hot spots (Laser et al. 2001; Laser et al. 2003). Their
prototype micropumps produced a maximum flowrate of 170 ul/min and a maximum
pressure of 0.09 atm operating at 400 V. On similar lines, members from the same group
used commercially available porous silicon membranes to realize EO pumps generating a
high flowrate per unit applied voltage (Yao et al. 2006). The membranes had hexagonally
packed pores, 1-3 um in diameter. Unlike the frits and packed column EO pumps
reported earlier, these membranes have parallel straight pores running through the length
of the membrane (figure 1.5). Thermal oxide or oxidized low pressure chemical vapor
deposited polysilicon provided the insulation surfaces. A pumping set-up, similar to the
one shown in figure 1.4 was used for the characterization of these membranes. These
pumps achieved a maximum flowrate of 3.2 ml/min at an applied voltage of 25 V and

generated a pressure of 0.007 atm.



Figure 1.5 Scanning electron micrograph of porous silicon membranes: (a) Top view
showing the hexagonal array of pores. (b) Cross-sectional view showing parallel, straight

pores. (Yao et al. 2006)

Other notable works on electro-osmosis and its use in pumping have been
reported by Jacobson et al. 1994; McKnight et al. 2001; Ramsey and Ramsey 1997.
Jacobson and co-workers designed and fabricated an open channel liquid
electrochromatography system on a glass microchip for separating and analyzing neutral
species. Their system consisted of a microchannel with a chemically modified surface
wherein they used EO flow for loading and pumping their samples onto the microchip.
Ramsey and co-workers designed a microfluidic device to generate electro-osmotically
induced pressures for creating a fluid electrospray from the end of a microchannel by
applying an electric potential of sufficient amplitude between a microchip and a
conductor spaced from the channel terminus. Their intention was to use this device for
non-fluorescent molecule detection by coupling it with a mass spectrometer. They
claimed that the coupling would enhance the informational output significantly.
McKnight and colleagues used electro-osmosis for the purpose of demonstrating field-

free fluid manipulation within microchannels. They patterned a pair of electrodes within
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a microchannel and generated EO flow between them. The EO flow provided electric
field-free pumping of fluid in channel regions outside of the electrodes.

EO pumps have found applications in various micro-/nano-electro-mechanical
systems (MEMS/NEMS) and have the potential to impact a variety of engineering areas
including microelectronics cooling and bio-analytical systems (Fintschenko and van den
Berg 1998; Jiang et al. 2002; MacNair et al. 1997). One such microelectronic cooling
application is to reduce the temperature of small, high power density regions of
microchips through single phase forced convective cooling (Laser et al. 2003). High
performance ICs are made up of a mixture of high and low power devices that are prone
to develop hot spots during operation. Even with chip scale heat sinks designed for the
removal of the chip’s overall heat generation, the thermal resistance associated with
solid-state conduction to the heat sink may be too large to avoid excessive temperatures
at hot spots. A single phase forced convection cooling system as shown in figure 1.6 is
one possible solution. Laser and colleagues have used a simple model and estimated a
flowrate of 620 ul/min required for a forced convective cooling of a 2 W hot spot when
the fluid temperature is allowed to rise to 70 °C. To demonstrate the application for
microelectronic cooling, Jiang et. al. developed a closed-loop two-phase microchannel
cooling system using an EO pump (Jiang et al. 2002). Using 1 mM buffered de-ionized
water as the pumping fluid, a flowrate of 7 ml/min and a backpressure of 1.57 atm, their

EO pump removed 38 W with a pump power of 2 W (figure 1.7).
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Figure 1.6 Schematic of the thermal management system for ICs based on integrated EO

pumps and microchannels. (Laser et al. 2003)
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Figurel.7 Image of the closed loop cooling system incorporating the porous glass frit EO

pump. (Jiang et al. 2002)

A recent press release by International Business Machines (IBM) titled “Made in
IBM Labs: IBM Cools 3-D Chips with H,O” further emphasizes the significance of EO
pumps in the area of microelectronic cooling (IBM 2008). Their researchers have
developed 3-dimensional chip stacks, which they claim to be a promising approach to

enhancing chip performance by increasing a processor’s capability to process data. A 3-
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dimensional chip stack is a bunch of chips and memory devices stacked one on top of the
other instead of the traditional side-by-side stacking on a silicon wafer. However, the
vertical stacking of chips results in significant thermal management challenge since each
intermediate layer poses as a barrier to heat removal and conventional coolers attached to
the back of a chip do not suffice. To resolve this thermal issue these scientists designed
micron scale pipes aligned vertically in between individual chip layers and pumped water
around them in order to remove heat efficiently at the source. They demonstrated a
cooling performance of up to 180 W/cm’ per layer in a stack of 4 cm®. A schematic of the

3-dimensional chip stack developed by these scientists is depicted in figure 1.8.

Vertical stacking of chips: 3-D

Array of vertical interconnects Chipistack

insulated with a thin layer of SiO,

Figure 1.8 A 3-dimensional chip stack developed by IBM researchers incorporating water

to remove heat generated in multilayer chips.

Despite all the efforts undertaken in the past couple of decades for the

development of EO pumps, most porous membrane EO pumps reported in literature so

far have suffered from low flowrates due to low porosity, high tortuosity (defined as
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square of the ratio of the effective total length of zigzag microchannels to the physical
pump length) and a non-uniform pore size of the porous membranes. They also have a
relatively large thickness of the porous materials used for pumping thus requiring a
higher applied voltage to achieve a sufficient field within the pump. For example, the
pump demonstrated by Gan used a membrane of 13 mm thickness along the flow
direction and could not generate sufficient field within the pump (Gan et al. 2000).
Another instance is that of the pump reported by Zeng which also suffered from a low
available electric field within the pump due to the presence of two 5 mm thick polymeric
porous frits (Zeng et al. 2002). It is apparent from these previous efforts that the
membrane used for EO pumping must have a high porosity, a low channel tortuosity, and
a short channel length to achieve a high EO flowrate under low applied voltages.

A porous anodic alumina (PAA) membrane, with its excellent pore size
uniformity, a high porosity, a low tortuosity of unity and low fabrication cost serves as an
ideal candidate for EO pumping. Moreover, the nanometer scale pores of the PAA
membrane should generate high enough pressures since the EO pump pressure scales
inversely with the square of pore diameter. This dissertation will discuss the in-house
fabrication of nano-structured silica coated PAA membrane for use as an EO pump.
These membranes have been characterized on the basis of their EO pump flowrate and
results show that they can provide a normalized flowrate of 0.125 ml/min/V/cm® under a
low effective applied voltage of 3 V. This is orders of magnitude higher than most other
EO pumps made from porous materials such as glass frits. In addition, this dissertation
also presents some interesting flow phenomena for the nanometer scale pores of the PAA

membrane, i.e., the effect of EO flowrate through these pores at very low buffer solution
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concentrations (concentrations at which the double layers overlap) and ionic conductance
at these concentrations and its deviation from the bulk value. Furthermore, EO flowrate
characterization of the uncoated PAA membrane is also presented, which shows an

unexpected non-linear trend with the effective applied voltage.

1.3 Porous Membrane EO Micropumps with Field Effect Flow Control
Tuning of EO pump performance has been achieved primarily through the
following three approaches:
1. By changing the chemical composition of the buffer solution, i.e., ionic strength
of buffer solution and solution pH (Lambert and Middleton 1990; McCormick
1988; Schwer and Kenndler 1991).
2. By coating the inner surfaces of the fluid channels and thus changing the zeta
potential of the inner walls (Hjerten 1985; Jorgenson and Lukacs 1983; Vajandar
et al. 2007).
3. By changing the applied electric field across the channels.
In addition to these, a more subtle control over EO flow can be achieved by modulating
the zeta potential within the channels while keeping the main electric field along the
channels constant. This can be done by applying a transverse electric field over the thin
insulating wall of a microfluidic channel. The transverse field polarizes charge within the
insulator and thereby modulates the surface charge density at the insulator/fluid interface
within the channel. The principle is analogous to that of a solid-state field-effect
transistor in integrated circuits, where an electric current is regulated by a perpendicular

electric field generated by a third electrode termed as the “gate” electrode. Since this
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principle involves the electric field manipulation of fluid flow, it has been termed as
Field Effect Flow Control (FEFC).

FEFC was first demonstrated in the early 1990s by Lee and co-workers (C. S. Lee
et al. 1990). The main application of their work was in the field of capillary zone
electrophoresis (CZE) where they used this principle to enhance the separation efficiency
and to prevent protein adsorption onto the walls of a capillary. A drawback of their work
was the high voltages (several kilovolts) that had to be applied over the thick capillary
wall to establish a significant change in the zeta potential. This was followed by similar
works in the area of CZE by Ghowsi and Gale 1991; Hayes and Ewing 1992; Hayes et al.

1993a, 1993b; C. S. Lee et al. 1990; Polson and Hayes 2000; Wu et al. 1992.

Figure 1.9 Scanning electron micrograph of the micro fabricated silicon nitride channel at
the junction region. Inset: Scanning electron micrograph of the side channel cross-section

showing the insulating 390 nm thick silicon nitride wall. (Schasfoort et al. 1999)

In 1999, Schasfoort and colleagues demonstrated the use of FEFC for electro-

osmosis in microfluidic networks (Schasfoort et al. 1999). With modern microfabrication
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techniques they were able to fabricate silicon nitride channels on a silicon wafer, having
extremely thin walls (390 nm thick) that required a gate voltage of only tens of volts to
generate significant field effect (Figure 1.9). They demonstrated that field effect control
can manipulate the magnitude and even reverse the direction of EO flow within a
microfabricated fluidic channel by applying a perpendicular electric field of 1.5 MV/cm.
generated by a gate voltage of only 50 V using a low pH value buffer solution. Members
of the same group later reported FEFC in microfluidic networks based on glass
microchannels with integrated insulated gate electrodes that were used to modify the zeta
potential at particular locations on the wall surface of the microchannels (van der
Wouden et al. 2005). They claimed that these microchannels were mechanically more
robust and had a better flow visualization in the gate region as compared to their previous
work. On similar lines Buch and co-workers demonstrated FEFC in a
polydimethylsiloxane (PDMS) based microfluidic system (Buch et al. 2001). Their
microchannel was formed in PDMS, which was bonded to a silicon wafer with a 2 um
thick electrically insulating layer of silicon dioxide over it. The underlying silicon acted
as the gate electrode. More recently, FEFC has been reported in nanofluidic systems (Z.
Chen et al. 2005b; Karnik et al. 2005). The authors have demonstrated gate effect on the
concentration of ions and molecules in the channel and ionic conductance by using a
combination of fluorescence and electrical measurements. The nanochannels used in their
work were fabricated out of silica. Field effect was demonstrated in both two-
dimensional (2D) nanochannels and one-dimensional (1D) nanotubes (figure 1.10).

To date, all FEFC studies have been performed on single micro- or nanochannels

primarily for studying separation science. For EO pumps, however, the desired flowrates
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are achieved with porous membranes or microchannel arrays. FEFC on porous
membranes or microchannel arrays will enable high performance porous membrane EO
pumps having a wide range of zeta potentials, since this potential can be controlled by
gate voltage. Moreover FEFC could be a better approach than other control methods to
tune the EO flow because for many applications, certain electrolyte pH is required and
coating the inner surface of the channel to increase the zeta potential can be a challenge.
Even if a successful coating of the channel is achieved, the EO pump gets limited to
buffers within a certain pH range. For example, FEFC can be particularly useful in micro-
flow injection analysis (LFIA) systems using EO pumps such as that reported by Chen
and co-workers (Z. Chen et al. 2005b), which makes use of an EO pump to produce an
electro-spray. However, when delivering a low pH fluid, chemical modification was
needed on their EO pump in order to maintain a significant flowrate. With FEFC, the
pump can be used for both high and low pH fluids to produce desired flowrate without
chemical modification of the channel surface. In addition, many EO pumps use very high
voltage (on the order of kilovolts) along the main flow direction (Gan et al. 2000; Paul
and Rakestraw 2000; Zeng et al. 2001; Zeng et al. 2002), making it difficult to further
tune the EO flow by increasing the applied voltage along the flow direction. FEFC can
control the EO flow at a constant externally applied voltage with the application of a gate

potential of relatively low magnitude.
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Figure 1.10 Nanofluidic transistor devices. (a) Schematic of a nanofluidic transistor. (b)
Scanning electron micrograph of the two-dimensional silica nanochannel transistor. (c)
Scanning electron micrograph of a one-dimensional silica nano tube transistor. Scale bar

is 200 nm. (Karnik et al. 2005)

This dissertation will present detailed fabrication and characterization of a SiNg-
coated porous silicon EO pump having gate modulated flow control. Furthermore the
dissertation will discuss electrical current leakage through SiNy, which is unexpected
because LPCVD SiNy is well known as an excellent insulator. The leakage current
observation brings to light the electrolytic rectification effect in an electrolyte-insulator-

semiconductor system.
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1.4 Ionic Conductance Measurements

EO pumping is closely related to the ionic current through micro- and nanoscale
fluidic channels. Therefore, a thorough understanding of ionic current through micro- and
nanochannels is essential for the understanding of EO flow and better design of EO
pumps. Over the past decade, ionic current through nanochannels has attracted a lot of
attention, mainly because of its important implications in single molecule detection with
the resistive pulse sensing (Coulter counter) technique.

Nanoscale Coulter counters use either naturally occurring protein nanopores or
laboratory-made inorganic nanopores/channels with dimensions comparable to the size of
single molecules, to detect the translocation of single molecules or nanoparticles. (Chang
et al. 2004; Henriquez et al. 2004; Kasianowicz et al. 1996; J. Li et al. 2001; Smeets et al.
2005). These nanoscale Coulter counters rely on sensing the ionic current through the
nanopore and its modulation from the translocation of individual nanoparticles or single
molecules to their detection and interrogation of their properties. The baseline ionic
current, which itself is a function of the pore size, electrolyte concentration, applied
electric field, and surface properties of the nanopore, is of consequence because it
discloses many unique phenomena occurring within these nanopores. Furthermore the
sensitivity of these Coulter counters is determined by the stability and noise of the
baseline ionic current.

To better understand the ionic current through nanopores, several studies have
recently been carried out. Stein and co-workers measured the electrical conductance of
silica nanochannels filled with different concentration KCI buffered solutions (Stein et al.

2004). Their results indicated that at low concentration, the electrical conductance was
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dominated solely by the surface charge, independent of salt concentration. Daiguji et al.
first reported theoretically the possibility of creating a unipolar solution of counter-ions in
a 30 nm diameter silica nanotube and using a gate electrode to modulate the ionic current
through the nanotube (Daiguji et al. 2004). Later, Karnik and collaborators
experimentally observed the modulation of the electrical resistance through both ~ 50 nm
diameter nanotubes and 40 nm high, 1 wm wide nanoslits by applying a gate potential
(Karnik et al. 2005). Schoch and Renaud measured and modeled the electrical
conductance of an electrolyte-filled nanoslit of 50 nm in height (Schoch and Renaud
2005). Their results indicated that at low salt concentrations, the electrical conductance
was dominated by the effective surface charge density, which could be regulated by the
pH and external gate potential. All reports to date indicate that ionic current through a
nanopore/channel at low electrolyte concentrations is determined solely by the surface
charge density of the nanopore/channel, while at higher concentrations, the ionic current
can be estimated based on the bulk electrolyte concentration and the size of the nanopore.
However, all of the previous research has been focused on the effects of overlapped
EDLs (low concentration electrolytes) without paying much attention to ionic transport
through nanopores at high concentration electrolytes with non-overlapped double layers.
Therefore, ionic current data for high concentration electrolyte through nanopores is
limited and not systematic.

A recent molecular dynamics (MD) simulation, however, indicated unusual ionic
current trends in a 3 nm diameter nanopore having high surface charge density at high
electrolyte concentrations (Ge et al. 2009). In the last part of the dissertation, we tried to

verify the MD simulation results experimentally by measuring the ionic current through a
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nanoporous glass membrane with an average pore size of 4 nm. The ionic current was
measured with two kinds of electrolytes — NaCl and KCI. The experimental results
indicated a linear trend of ionic current for electrolyte concentrations beyond 1 M,
contrary to the results of the MD study, which was attributed to a low surface charge

density measured for the porous glass membranes.

1.5 Summary

In summary, this dissertation will focus on electro-osmotic phenomena in micro-
/nanoporous membranes of three different materials. Two of these have been fabricated
in-house and their fabrication details will be presented. Of these two membranes, one has
been characterized as a high flowrate EO pump while the other has been used as an EO
pump having gate controlled flowrate modulation. The third porous membrane is
commercially fabricated and used for studying ionic current at high electrolyte
concentrations. The characterization details for all three porous membranes will be
discussed at length. The organization of this dissertation is as follows:

* Chapter I reviews the background and previous work in the area of electro-
osmotic pumps, field effect flow control and ionic transport through
nanopores/channels.

* Chapter II details the fabrication of silica coated PAA membranes and SiNy
coated porous silicon membranes.

e Chapter III discusses the characterization of silica coated PAA membranes as

high flowrate EO pumps.
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Chapter IV presents the characterization details of gate bias modulated flowrate in
SiNy-coated porous silicon membranes followed by a discussion of current
leakage through SiNy thin films.

Chapter V focuses on ionic current through nanoporous glass membranes at low
and high electrolyte concentrations.

Chapter VI summarizes and concludes the dissertation.
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CHAPTER 11

POROUS MEMBRANES - MATERIALS AND FABRICATION

Porous membranes have generated significant scientific and technological interest
because of their extremely large surface area to volume ratio, which provides many
advantages and opportunities. It therefore does not come as a surprise that these materials
have found their worth in a wide range of applications: for example, they have been used
for separation and purification purposes (Bhave 1991), as high surface area adsorbents
(Fain 1994), as solid supports for sensors and catalysts (Keizer 1996; Lin et al. 1997), as
template materials for synthesis of nanotubes (N. I. Kovtyukhova et al. 2003; Kyotani et
al. 1996), as scaffolds for tissue engineering (Hubbell 1995), and as low-dielectric

constant materials for microelectronic devices (Hedrick et al. 1998; Prakash et al. 1995).

These materials have also been actively explored as photonic band gap (PBG) materials for
use in optoelectronics (Joannopoulos et al. 1997) and as new types of mechanical materials
that may exhibit negative Poisson’s ratios (Lakes 1987). This dissertation presents research
on EO pumping with porous membranes, and this chapter will focus on the fabrication of

two kinds of porous materials — the PAA membrane and porous silicon.

2.1 Porous Anodic Alumina (PAA) Membrane

Anodization by definition is the electro-oxidation of a metal in the presence of an
acidic or basic electrolyte resulting in the formation of an oxide layer of the respective
metal over the surface. This was a commercial method employed on aluminum surfaces

in the early 1920s for decoration purposes and protection against corrosion (Bengough
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and Stuart 1923). Since then this method of oxidizing aluminum has been investigated
and used in numerous products (Diggle et al. 1969; M. S. Hunter and Fowle 1954; Keller
et al. 1953; Lohrengel 1993; Thompson et al. 1978; Thompson and Wood 1981; Wood
and O'Sullivan 1970) and more recently the nanoporous form of this oxide has become a
popular template system for the synthesis of various functional nanostructures (N. L.
Kovtyukhova et al. 2003; N. L. Kovtyukhova and Mallouk 2005; S. B. Lee et al. 2002;
Linjie Zhi 2005; Mikulskas et al. 2001; Park et al. 2004; Sarah J. Hurst 2006; Woo Lee
2005). Depending on the anodization conditions (temperature, current density,
anodization voltage), the anodization process can be classified into two categories — mild
anodization (MA) and hard anodization (HA). Here, a brief description on both processes

will be given within the confines of the subject matter of this dissertation.

2.1.1 Mild Anodization (MA)

Mild anodization is the most widely used method for fabrication of PAA
membranes since the anodization conditions are less extreme, and therefore can be
carried out without the need of using specialized tools and equipments. However, in the
event of fabrication of thick membranes (on the order of tens to hundreds of microns) this
method becomes very time consuming — nearly 20 hours for making a 100 wm thick film.
The most commonly used acidic electrolytes for carrying out MA have been reported to
be chromic, sulfuric, oxalic, phosphoric and boric acids (Wernick et al. 1987). Contingent
upon the anodization conditions, in particular the pH value and the type of electrolyte
used, the MA membranes can be further classified into barrier-type and porous-type

membranes
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*  Non-porous barrier oxide film: When MA is carried out in completely insoluble
electrolytes (electrolytes in which the anodized alumina does not dissolve), e.g.,
boric acid (5 < pH < 7), a flat, non-porous insulating oxide known as the ‘barrier
layer’ forms. In this case the film growth continues until the resistance of the film
prevents any more current from reaching the anode and the anodization stops due
to passivation of aluminum surface.

*  Porous oxide membrane: When MA is carried out in mildly soluble electrolytes
(electrolytes in which the anodized alumina dissolves partially), e.g., chromic,
oxalic, phosphoric or sulfuric acids, a porous membrane forms with a thin barrier
layer present at the bottom of each pore. In this case the oxide membrane growth
is accompanied by localized dissolution of the membrane.

The pore formation mechanism in a MA porous membrane is reflected on a potentiostatic
current density curve, a typical example of which is depicted in figure 2.1. The curve is
divided into four regimes corresponding to the four steps occurring during pore formation
(Diggle et al. 1969; Jessensky et al. 1998; Parkhutik and Shershulsky 1992).

Step 1: Tonic migration initially to form the barrier layer alumina, which covers the entire
aluminum surface. This layer thickens until the current impedance through the oxide
layer becomes significantly high. The current density therefore decreases rapidly in figure
2.1 (regime 1).

Step 2: When the barrier layer reaches a certain thickness, a field assisted conversion
process starts. The electric field roughens up the oxide layer by preferential oxide growth
at sites which offer least resistance for the fastest transport of oxygen through the oxide

layer to aluminum. The current density reaches a minimum at this stage (regime 2).

26



Step 3: Field assisted dissolution of portions of the oxide at the points of field
concentration. Oxide dissolution rate is faster than oxide growth rate at this stage. This
results in nucleation of pores and a rise in the current density (regime 3).

Step 4: Once pores nucleate they grow perpendicular to the surface by attaining
equilibrium between field-enhanced oxide dissolution at the oxide/electrolyte interface
and oxide growth at the Al/oxide interface. The steady state pore formation leads to a

constant current density with anodization time (regime 4).

Current (arbitrary units)

Regime 1 Regime 4

Regime 3

Regime 2

Anodization time (arbitrary units)

Figure 2.1 A potentiostatic current density curve depicting the four regimes encountered
during pore formation in a MA process. The stages of porous structure development are
also shown.

Due to the steady-state condition the barrier layer at the bottom of each pore
maintains a constant thickness. While the pores nucleate at the surface at almost random

positions, ordered pore domains are observed at the bottom layers indicating that longer
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anodization time results in improved regularity of pores. Jessensky, Li and colleagues
(Jessensky et al. 1998; A. P. Li et al. 1998, 1999) have studied the hexagonal self-
organization of pores and explained the effect by taking into consideration the situation
during steady-state pore growth. During anodization the volume of alumina expands
roughly by a factor of two since the atomic density of aluminum in alumina is a factor of
two lower than that in metallic aluminum. This translates into mechanical stresses at the
Al/oxide interface causing repulsive forces between neighboring pores. Since oxidation
takes place at the entire Al/oxide interface simultaneously, the oxide can only expand in
the vertical direction and the existing pore walls are pushed upwards. The vertical
expansion of pores and the repulsive forces between them during growth promote the
formation of hexagonal self-organization of pores. The chemical reaction during
anodization occurring at the anode is
2Al(s) + 3H,0(1) — AlO3(s) + 6H' + 6¢’,
while at the cathode hydrogen is evolved
6H' + 6 — 3Hx(g).
Figure 2.2 depicts the hexagonal self-organization of pores with the barrier layer present

at the bottom of each pore.
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Ordered porous
alumina pores

Aluminum Barrier layer between
pore and aluminum

Figure 2.2 Scanning electron microscopy (SEM) micrograph of a PAA membrane prior
to removal from the aluminum substrate. The barrier layer is seen at the bottom of each

pore. The membrane was anodized in 0.3 M oxalic acid at 40 V and 15 °C.

Most of the MA PAA membranes reported in literature have followed a two-step
replication process, first documented by Masuda (Masuda and Fukuda 1995). This
approach yields a high quality membrane with good chemical and thermal stability,
higher mechanical strength, and better pore ordering. A two-step replication process
means aluminum films are first anodized to form oxide followed by stripping off the
oxide and re-anodizing the aluminum again. The pore imprints left by the first step on the
aluminum surface act as nucleation centers for pore formation in the second step.
Researchers from the same group further studied the detailed conditions required for
long-range self-ordering of hole configurations in these porous membranes (Asoh et al.
2001). The long-range self-ordering was observed to occur under limited voltage

conditions that were specific to the solution used for anodization, e.g., in a sulfuric acid
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solution, the long-range self-ordering takes place at 25 V, for oxalic acid solution it
occurs at 40 V and for phosphoric acid solution it takes place at 195 V. The degree of
spatial ordering decreases drastically if the anodization is carried out outside the self-
ordering regime. An applied voltage that is higher than the optimum value required to
maintain stable anodization in a given electrolyte results in ‘breakdown’ or ‘burning’ of
the oxide film caused by catastrophic flow of electric current (Ono et al. 2004). For the
purpose of this dissertation, all MA PAA membranes have been fabricated in oxalic acid
using the two-step replication process and the forthcoming paragraph will detail the setup
and fabrication conditions used for making these membranes.
0.3 M Oxalic

acid maintained
at15°C

o+

Platinum mesh - Cathode Aluminum foil - Anode

Glass slide

PAA membrane

Cold plate

Stirrer and
temperature control

Figure 2.3 Schematic of the anodization set-up used to fabricate MA PAA membranes.

An aluminum sheet (99.99% purity, Alfa Aesar) was cut into 3 cm x 1 cm with a

strip of aluminum protruding from one of the shorter sides. This strip facilitated the
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connection to the anode. The sheet was then degreased and cleaned by rinsing in acetone.
The cleaned sheet was mounted onto a glass slide using crystal bond (a high temperature
adhesive), prior to immersing into the electrolyte for anodization. The schematic in figure
2.3 gives details of the anodization set-up. The first anodization step was carried out in
0.3 M oxalic acid solution at a constant voltage of 40 V for 5 hours. The temperature of
the electrolyte was maintained at 15 °C using a cold plate under constant stirring to
remove the heat evolved from anodization. The oxide formed was dissolved in an etching
solution comprising of 1.8 wt% chromic acid and 6 wt% phosphoric acid at 60°C for 3
hours, which resulted in the formation of a periodic concave texture on the aluminum
surface. This textured pattern behaves as self-assembled marks inducing the ordered
formation of pores for the second anodization step (Masuda et al. 1997; Sulka et al.
2002). The second anodization step was carried out using identical conditions as those
used for the first step but for a longer period of 16-17 hours, resulting in an ideally
arranged honeycomb structure. The long anodization time improved the regularity of cell
arrangement as well as reduced the number of defects and dislocations (Masuda and
Fukuda 1995). The bottom aluminum layer was etched away in a saturated solution of
mercury chloride, leaving behind the as-fabricated membrane. Following this the barrier
layer present at the bottom of the membrane was chemically etched and the pore size
increased by immersing the as-fabricated membrane in 5 wt% phosphoric acid solution at
30 °C for approximately 70 min. The step-wise flow chart in figure 2.4 describes the
membrane preparation process. Figure 2.5 shows an SEM image of the MA PAA

membrane surface before and after pore widening treatment.
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Aluminum sheet degreased with
acetone

First step PAA growth with non-
uniform porous structure followed by
wet etching the oxide

Textured aluminum surface after
dissolution of PAA from the first step

Second step PAA growth with a
uniform pore structure followed by
wet etching the Al bottom

EIE]

~

Figure 2.4 Step-wise flow chart describing the PAA membrane preparation process.

Barrier layer etched followed by
widening of pores <
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Figure 2.5 SEM images of MA PAA membrane surface: (a) before and (b) after pore
widening treatment. The pore diameter before and after pore widening was around 50+5

nm and 8045 nm, respectively and the membrane thickness was around 9045 pm.

2.1.2 Hard Anodization (HA)

Hard anodization of aluminum was invented in the early 1960s (P. Csokéan 1961; P.
Csokdn and Sc 1962; P. Csokdn 1964; Lichtenberger-Bajza et al. 1960) and has been
widely used for various industrial applications such as surface finishing of aluminum
cookware, automobile engineering, textile industry, electronic parts, etc. This process is
characterized by the use of relatively low temperatures and high current densities compared
to the MA process. To date, industry has mostly relied on a sulfuric acid based HA process
by taking advantage of the high-speed oxide growth (50-100 um/hr) of mechanically robust

nanoporous oxide films (Hecker 1988; John et al. 1984; Olbertz 1988; Rajendra et al.

2005). In academic research, however, the HA process has not been favored over the past
four decades and has not been applied to the development of nanostructured materials

because of difficulties in controlling important structural parameters, such as pore size,
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interpore distance and the aspect ratio of the nanopores of the resulting alumina
membranes.

This situation changed when Lee and co-workers reported a new self-ordering
regime of PAA membranes that they found while anodizing aluminum substrates using
0.3 M oxalic acid within the potential range of 100-150 V (W. Lee et al. 2006). Just as in
the case of MA PAA films, a two-step replication process is followed to improve the
quality of the membrane and achieve better pore ordering. A cleaned aluminum sheet was
anodized under MA conditions followed by oxide dissolution in a chromic and
phosphoric acid solution. The textured sheet was then inserted into the anodization cell,
which in this case was designed differently to accommodate the water sink and a
thermoelectric cooler (TEC/Peltier element). Since the HA process operates at much
higher voltages than the MA process, it is accompanied by large evolution of heat which
has to be effectively removed. To serve this purpose a Peltier element was used which is
a combination of semiconductor thermocouples that generates a temperature difference
between its two sides when a voltage is applied across it. The aluminum sheet was placed
in contact with the cold side and the hot side was placed in contact with a heat sink (a
copper cold plate with water cooling) to take away the heat. A thermoelectric paste was
applied in between the aluminum sheet and the cold side of the TEC to facilitate uniform
cooling. To suppress breakdown effects and to enable uniform oxide film growth at high
voltages (100-150 V), a thin layer of MA PAA film (hundreds of nm thick) was formed
on the surface of the aluminum substrate before carrying out the HA process. This
protective oxide layer was generated by anodizing the substrate under MA conditions

(0.3 M oxalic acid at 40 V) for 5-10 min. Subsequently, the anodization voltage was
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slowly increased to a target formation voltage (100-150 V) for HA at a rate of 0.3 V/s
and the HA was then continued under a constant potential. It is believed that the initial
surface oxide layer provides uniform pore nucleation sites at the early stage of high-
voltage anodization, preventing local catastrophic events such as local flow of high
electrical current and defects by surface pitting. Figure 2.6 shows a typical setup used in
the fabrication of HA films and figure 2.7 illustrates the SEM images (before and after
pore widening) of a HA PAA film, anodized in a 0.3 M oxalic solution at a temperature
of 0 °C and 120 V. Just as in the case of MA films, the self-organization of hexagonal
pore arrays in HA films has been attributed to mechanical stresses at the Al/oxide
interface. The higher current densities corresponding to the HA process will generate
larger mechanical stresses at the Al/oxide interface due to associated volume expansion.
This high interfacial stress gives rise to greater repulsive forces between the pores at the
interface. Under such an energetically unfavorable condition, the anodization proceeds in
a way so as to minimize the resulting mechanical stresses between the pores, which is
achieved by reducing the pore size to enlarge the surface area of the Al/oxide interface.
The higher current densities, larger mechanical stresses and therefore greater repulsive
forces between the pores combine to yield a smaller pore diameter (larger interpore
distance) in an as-fabricated HA film when compared to the MA process. This is evident
on comparing the SEM images in figures 2.5 (a) and 2.7 (a) taken before the pore

widening treatment.
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Figure 2.6 Schematic of the anodization set-up used to fabricate HA PAA membranes.

Figure 2.7 SEM images of the HA PAA membrane surface: (a) before and (b) after pore
widening treatment. The pore diameter before and after pore widening was around 50 nm

and 250 nm respectively.

36



Current (arbitrary units)

Anodization time (arbitrary units)

Figure 2.8 A current-time transient encountered during pore formation in a HA process.

Unlike the typical anodization curves for a MA process (figure 2.1), the current—
time transient in a HA process shows a nearly exponential decay as a function of time
(figure 2.8). Such a behavior of current transition for HA has been explained by the
diffusion-limited electrochemical oxidation of aluminum at the pore bottom as a result of
the extremely rapid and homogeneous film growth on the whole sample area. As
mentioned previously, it is believed that the anodization current is mainly related to the
movement of ionic species (O, OH™', A1") through the oxide layer at the bottom of the
pores Hence the ionic current is expected to decrease, exponentially in the initial few
minutes of the process (high growth rate during this time due to shorter diffusion path
along the nanopores) and gradually later as the growth rate slows down over time due to

the extended diffusion path along the nanopores.
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2.2 Porous Silicon (PS) Membrane

Fabrication of PS membranes can be followed via two routes and depending on
the end application can be made from either (a) electrochemical anodization of silicon, or
(b) a combination of photolithography and deep reactive ion etching techniques (DRIE).
In some respect, electrochemical anodization technique and DRIE of silicon to fabricate
PS membranes can be seen as complementary techniques. Electrochemical anodization,
while being limited in lateral design, has the ability to achieve very high aspect ratios.
DRIE, in contrast, has a higher degree of freedom when it comes to lateral design, but
aspect ratios are limited to values of about 20 and below. For the purpose of this
dissertation, option (b) was chosen over (a) for reasons that will be made clear
subsequently. However, a brief discussion on both techniques will be presented in this

section.

2.2.1 Electrochemical Anodization of Silicon

The formation of PS through an electrochemical anodization technique was first
discovered in 1956 (Uhlir 1956), which has led to interesting novel devices from
quantum structures, permeable membranes to photoluminescent and electroluminescent
devices. PS membranes are classified into two types based on their pore sizes, which
depend on the density of doping and span over three orders of magnitude: microporous (<
50 nm) and macroporous (> 50 nm). There have been a number of different models
suggested to explain PS formation as reviewed by Foll (Foll 1991) and Smith (Smith and
Collins 1992). A general consensus is that the etching reaction requires electronic holes

(h"), which have to be supplied by the silicon. The basic conditions for electrochemical
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pore formation in a silicon electrode are a passive state for pore walls and an active state
at the pore tips promoting dissolution. Dissolution of silicon takes place in the presence
of hydrofluoric (HF) acid and will occur if 4" are present at the surface. If a 4" reaches
the silicon surface it will be consumed in a nucleophilic attack on surface Si—H bonds by
fluoride ions supplied by HF acid, eventually forming SiFs>, which gets removed from
the surface (Kang and Jorne 1993; Lehmann and Gosele 1991). If a silicon atom is
removed from an atomically flat surface due to this reaction, an atomic size dip is left
behind which will change the electric field distribution in such a way that /" transfer will
occur at this location preferentially, further amplifying the surface inhomogeneity (pore
tips). Consequently a surface area depleted of /" is generated (passivated pore walls).
Since most studies on PS formation in literature have been conducted on n-type
silicon, this dissertation will focus on PS formation in n-type silicon. The pore size
distribution in PS produced by the dissolution process depends critically on whether mass
transport or charge supply is the rate-limiting mechanism and the silicon doping density,
which in turn affects the depletion region width (space charge region — SCR) at the
interface. If the reaction rate is limited by mass transfer, characterized by current
densities larger than the critical current density (Jps), a surface charge of 4" builds up and
any ‘hills’ on the surface dissolve faster than ‘troughs’ because they are more exposed to
the electrolyte. As a result the surface becomes smoother — electropolishing. For current
densities below Jps, charge transfer at the interface is the rate-limiting step, 4" get
consumed and dissolution occurs, resulting in formation of micropores over the surface.
This is the case for heavily to moderately doped n-type silicon since the SCR at the

interface under anodic bias is in the range of 1 nm — 50 nm and charge transfer occurs
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either through tunneling (heavily doped) or charge carriers are generated through
breakdown (moderately doped). The pore size and the interpore spacing scale accordingly
with the SCR and micropores are formed in such a way that the SCRs of the neighboring
pores overlap and the walls remain passivated. For low doped n-type silicon, the SCR is
several microns thick and under anodic bias a steady state condition is reached between
ionic mass transfer and charge transfer rate. This condition is characterized by the current
density being equal to Jps and in such a case macropores are formed over the silicon
surface in line with the SCR width. The necessary 4" for low doped n-type silicon can
also be generated by illumination of the silicon substrate. A typical PS anodization cell is
shown in figure 2.9. While the pores in a micro PS film tend to be branched and
interconnected (Feng and Tsu 1994), the macro PS film has a parallel porous structure
with pores being nucleated at random spots over the silicon surface. Using a pattern of
pits over the silicon surface, generated through photolithographic and anisotropic silicon
wet etching techniques one can control the position of pores in a macro PS film. The
distance between neighboring pits would define the interpore spacing and therefore the
pore positions over the silicon surface (Lehmann and Foll 1990). This distance is usually
kept equal to or smaller than two times the SCR width to ensure that 42" do not diffuse in
between the pore walls and de-passivate them. For an n-type substrate, however this
condition need not be followed strictly as the /" are minority carriers and even if the pits
are separated by more than two times the SCR width, the hole concentration between the
pore walls would be nearly equal to zero (Lehmann and Ronnebeck 1999). Figure 2.10
(a) and (b) depicts the SEM images of macropores formed in an n-type silicon substrate

before and after pre-determined patterning of pits (adapted from (Lehmann 1993)).
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Figure 2.9 Schematic of the anodization set-up used to fabricate PS membranes.

From the viewpoint of porous membrane EO micropumps, the macro PS
membrane would be an ideal choice due to its uniform and regular parallel array of pores
unlike micro PS membranes. However, with regards to field effect control, the choice of
macro PS membranes would be an issue. Since current leakage through the dielectric
layer was observed (refer to Chapter IV for further details), a heavily doped silicon
substrate would be needed to ensure that there is minimal voltage drop over the PS
membrane core and the applied gate bias is dropped entirely over the dielectric layer.
This would not be possible since macro PS membranes are anodized in low doped silicon
substrates. Therefore an alternate method was needed to fabricate PS membranes from

heavily doped silicon substrates and this was done by resorting to photolithographic and
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DRIE techniques. Fabrication of PS membranes using the DRIE technique being
independent of silicon doping density can therefore be used to fabricate PS membranes

on silicon substrates doped to any extent.

Figure 2.10 Surface and cross-section of macro PS formed in an n-type silicon sample:
(a) showing a random pattern of pores, (b) showing a pre-determined pattern of pores.
For this case, pore growth was induced by a regular pattern of pits produced by standard

lithography and subsequent alkaline etching (inset, upper right). (Lehmann 1993)

2.2.2 PS membrane fabrication using Deep Reactive lon Etching (DRIE)

A DRIE system works on similar lines to the ubiquitous parallel plate reactive ion
etching (RIE) system with the difference being that a DRIE system generates high plasma
densities (> 10''/cm’) while operating at low pressures (1 to 20 mTorr) in comparison to
an RIE system. An ideal DRIE system has a very high etch rate (~ 3 pm/min), has
selectivities to photoresists of greater than 70:1 and 150:1 for silicon dioxide, has the
ability to etch deep anisotropic features, has excellent etch profile control and non-
uniformities across the wafer of 5% or less (Ayon et al. 1999b; Ayon et al. 1999a). A

DRIE system consists of two radio frequency (RF) power supplies operating at 13.56
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MHz. One RF supply is connected to a coil surrounding the etch chamber (Inductively
Coupled Plasma — ICP source). The ICP source generates electromagnetically induced
electric currents leading to high density plasma and hence a high etch rate. The other RF
supply is connected to the platen holding the wafer to create directional electric fields for
generating anisotropic etch profiles. A DRIE system uses two distinct gas-feeding
approaches: standard and time multiplexing. In the standard approach, two gases are
introduced at the same time, and the etching results depend on their glow discharge. One
gas is used for etching, while the other for protecting the side walls during etching. In the
time-multiplexing scheme, also known as the “Bosch process” patented by Robert Bosch
GmBH, Stuttgart, Germany (Laermer and Schilp 1996), the etching and passivation gases
used are introduced independently, one at a time, and the tool alternates between an
etching cycle and a passivation cycle. During the etch step, a shallow trench is formed in
the silicon substrate within the pattern defined by the mask layer. The duration of this
step is normally < 12 secs. During the passivation cycle, a protective fluorocarbon film is
deposited on all surfaces. The duration of this step is shorter than the etch step and is
usually < 10 secs. The protective film acts as a shield for the vertical sidewalls from the
ensuing etch step. In the subsequent etch step, ion bombardment preferentially removes
the fluorocarbon film from all horizontal surfaces, thus exposing them for further etching
and hence promoting a highly anisotropic etch profile. Figure 2.11 depicts a typical DRIE
system schematic. A typical composition of gases in a DRIE process consists of SF¢ for
the etch cycle and C4Fs during the sidewall passivation cycle. Table 2.1 details the
characteristics of a Bosch DRIE process and the forthcoming paragraph describes the

specifics of SiNy coated PS membrane fabrication used in this dissertation.
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Figure 2.11 Schematic of a typical DRIE system.
SF¢ flow 30 — 150 sccm
C4Fg flow 20 — 100 sccm
Coil power 600 W
Platen power 10 W
Etch cycle 5—15 secs
Sidewall passivation cycle 5—12 secs
Pressure 1 —20 mTorr
Temperature 20-80°C
Etch rate 1.5 —4 ym/min
Sidewall angle 90° + 2°
Selectivity to photoresist ~100to 1
Selectivity to silicon dioxide ~200to 1

Table 2.1 Typical characteristics of a Bosch DRIE process. (Maluf 1999)
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Figure 2.12 Stepwise fabrication of SiNy coated PS membranes.

All microfabrication work described here was carried out at the Microelectronic
Research Center (MiRC), Georgia Institute of Technology, Atlanta, GA. The silicon
wafers were thoroughly cleaned using standard wafer cleaning processes, i.e. SC-2 and
piranha clean process to remove any metallic contaminants and organic residues
respectively. This was followed by a wet oxide etch using buffered-oxide-etch (BOE)
solution. The cleaned silicon wafers were then wet-oxidized in a TYTAN oxidation
furnace system (Tystar Corporation, CA) to grow a 2 um thick SiO,. Following

oxidation, the wafers were patterned using standard photolithographic techniques.
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Microposit SC 1827 (Shipley, Marlborough, MA), a positive thick film photoresist, was
spin-coated onto the wafers to have a film thickness of approximately 2.7 um. This film
and the SiO, layer underneath acted as the masking layer for oxide etching and deep
silicon etching to be performed in the subsequent steps. The wafers were then exposed
using a photomask and Karl-Suss MA-6 mask aligner and the pattern was developed. The
pattern details are as follows: an array of 15 wm x 40 um rectangles with a pitch of 35
um along the breadth and 70 um along the length of the rectangle. The array measured 5
mm x 5 mm in dimensions. Nine such arrays were patterned onto a single 4" silicon
wafer. Following the development of the pattern, the wafers were dry etched using a
Plasmatherm (Plasma-Therm, Inc., FL) ICP RIE to etch the SiO, and expose the silicon
inside each rectangular pattern of the array. This was followed by DRIE of the exposed
silicon using the Surface Technology Systems (STS plc, UK) ICP deep silicon etcher
resulting in rectangular channels/pores running all the way through the silicon wafer. The
wafers were immersed in acetone to wash away any remnant photoresist and then
immersed in BOE to etch away the remaining SiO, masking layer. To round off the sharp
edges created as a result of dry etching, the wafers were immersed in an isotropic wet
silicon etchant comprising of hydrofluoric acid, nitric acid and acetic acid (HNA).
Following this step the wafers were undertaken through the standard wafer cleaning
processes again prior to SiNy deposition. SiNy was deposited using the low-pressure
chemical vapor deposition (LPCVD) technique in a TYTAN nitride deposition furnace
system (Tystar Corporation, CA). This resulted in a conformal coating of low stress SiNy,
500 nm thick, over the entire pattern. The wafers were then diced into nine individual

chips, each chip containing one array. Figure 2.12 details the stepwise fabrication process
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schematically. Figure 2.13 depicts the SEM images of the silicon chip with zoomed in

views of the rectangular pores.

Figure 2.13 Scanning electron micrograph of the entire SiNy coated porous silicon
membrane (a). Zoomed-in views of the membrane surface (b) and cross-section (c). The
cross-section image shows irregular features running across the pores. These are part of

the silicon core and appear because of the way the membrane is chipped.

2.3 Summary

This chapter puts forth and discusses briefly the different techniques that can be
used to fabricate porous membranes from aluminum oxide and silicon substrates. It further
goes on to describe in detail the different methods that were primarily used for fabricating
PAA and PS membranes. While PAA membranes can be made using MA and HA
processes, the MA process was preferred over the latter due to its relatively easier setup
configuration and use of lower anodization voltages. For PS membranes, since current

leakage through the dielectric layer was an issue, DRIE technique was favored over
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electrochemical anodization because it provided freedom for using a heavily doped silicon
substrate for fabricating PS membranes, which was a limiting factor for the electrochemical

anodization technique.
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CHAPTER IIT

SiO; COATED POROUS ANODIC ALUMINA MEMBRANES FOR HIGH

FLOWRATE ELECTRO-OSMOTIC PUMPING

This chapter describes the work on in-house fabricated SiO,-coated porous anodic
alumina (PAA) membranes and their characterization for high flowrate EO pumping
under low effective applied voltages. With EO pumping being extensively used as one of
the primary fluid driving forces in lab-on-a-chip devices and in micropumps for
microelectronic cooling, a pump with high flowrate per unit area, operating at low
effective applied voltage would be of prime importance for efficient operation. High
quality porous alumina membranes of controllable pore diameters in the range of 30-100
nm and pore lengths of 60-100 wm were fabricated in-house by electrochemical
anodization. The pores are straight, uniform and hexagonally close-packed with a high
porosity of up to 50 % of the total area. The inner surface of the pore was coated
conformally with a thin layer (~ 5 nm) of SiO, to achieve a high zeta potential. The EO
pumping performance of the fabricated anodic alumina membranes, coated and uncoated,
was investigated using standard relevant aqueous electrolyte buffer solutions. The high
zeta potential of the SiO; coating increases the pumping flowrate even though the coating
reduces the porosity of the membrane. Results show that nanostructured SiO,-coated
porous anodic alumina membranes can provide a normalized flowrate of 0.125
ml/min/V/cm® under a low effective applied voltage of 3 V. This compares favorably

with other porous materials such as glass frits.
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3.1 Theoretical Background

A model for treating EO flow in a porous media has been suggested by Mazur and
Overbeek wherein the tortuous microchannels with circular cross section were assumed
to have equal pore radii, a, and an equal value of zeta potential, £ (Mazur and Overbeek
1951). They derived a set of flow equations depicting EO flow in porous structures. A
similar set of equations were derived by Rice and Whitehead in their theoretical study of
EO flow in a narrow cylindrical capillary (Rice and Whitehead 1965). Implicitly, in terms
of the electrical potential within the pore, the general velocity profile within the circular
cross-section of the pore with a high aspect ratio (pore axial length to pore radius ratio) is

obtained from the Navier-Stokes equations and the continuity equation as

u(r)=

P,
(3.1)
u

4

=) EE wg)] |

Here P, = AP/L is the streamwise pressure gradient within the pores; Ey = V4/L is the
streamwise electric field within the pores; AP is the pressure drop within the pores; Vs is
the effective voltage drop across the membrane; L is the total physical pump length for
flow and v (7) is the potential distribution within the pores.

This velocity profile when integrated over the cross-sectional area, 4, and L,

yields the flowrate for the entire porous membrane as

APAa®> €£,CAV,
0-2(- - =7, (3.2)
T SulL ulL
where f'is an integral of the form
‘ Y \2r
f=[1--—=|=dr. (3.3)
-2z
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Here ¢ is the porosity of the porous membrane and 7 is the tortuosity defined as square of
the ratio of the effective total length of zigzag microchannels to the physical pump

length. The porosity of a hexagonal structure is given as

2

9= (34)
V3| D, )’ '

int
where Dj,, is the interpore distance (Nielsch et al. 2002). Using equation 3.4 and the pore
dimensions, the porosity of the as-fabricated PAA membrane was calculated to be about

50%. The tortuosity is given as

T = L, 3.5
(4.

where L. is the effective total zigzag length of the pores (Yao and Santiago 2003). Since
the pores are perfectly parallel to each other in a PAA membrane, this tortuosity factor
turns out to be unity for this membrane. The parameter f in equations (3.2) and (3.3)
approaches to unity for a large pore diameter to Debye length ratio (a/A = ka =
electrokinetic radius, k = 1/A4, A = Debye length = characteristic thickness of the EDL)
(R. J. Hunter 1981; Yao and Santiago 2003).

Equations (3.2) and (3.3) can be used to theoretically calculate the EO flowrate
through a porous membrane. However, caution must be used to interpret the theoretical
prediction from these equations since they are based on continuum theory, which may not
be accurate for high zeta potentials. This is especially true if the potential in the pore, i
in equation (3.3), is obtained by solving the Poisson-Boltzmann equation with the Debye-
Hiickel approximation, which is only valid for low to moderate zeta potentials below 25

mV (R. J. Hunter 1981). Since the PAA membrane surfaces were coated with SiO,,
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whose zeta potential is generally on the order of 100 mV (Yao et al. 2003), the symmetric
electrolyte approximation suggested by Hunter (R. J. Hunter 1981) was used. According
to this approximation, for high zeta potential surfaces, an unsymmetric electrolyte can be
treated as being symmetric having the properties of the counter-ion without incurring
much error. For the range of buffer concentrations used in this study, the zeta potential
for SiO; has been reported to be 65 mV-110 mV at a solution of pH ~ 9 (Scales et al.
1992; Yao and Santiago 2003; Yao et al. 2006). Hence for all experiments on PAA
membranes the buffer solutions have been treated as symmetric and having the properties

of sodium ion from the sodium tetraborate buffer.

3.2 Fabrication of PAA Membranes

The fabrication of PAA membranes will not be dealt with in detail here as it has
been described in the previous chapter. However, the details pertaining to SiO, coating
process over these membranes will be furnished in this section. Post-PAA membrane
fabrication, the pore walls were coated with a thin layer (approximately 5 nm thick) of
Si0; for the purpose of achieving a high zeta potential. This was done using surface sol-
gel synthesis technique (N. 1. Kovtyukhova et al. 2003) involving adsorption, hydrolysis
and washing of each aluminum oxide membrane. Briefly, each membrane was immersed
in a silicon tetrachloride (SiCly) solution diluted with carbon tetrachloride (CCly) (60%
by volume) for 6 mins and followed by a rinse in a fresh solution of CCly for 5 mins to
wash off non-reacted SiCly from the membrane surface. The membrane was then
transferred to another beaker containing a fresh solution of CCly for 25 mins to remove

any unbound SiCly from within the pores. Following this, the membrane was soaked in a
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CCly and methanol (MeOH) mixture (1:1) for 5 mins and ethanol (EtOH) for 10 mins to
remove CCly and then dried in an argon stream. Then the membrane was immersed in
deionized (DI) water for 10 mins to complete the hydrolysis of SiCls to SiO,, followed by
immersion in MeOH for 5 mins and then drying in an argon stream. The hydrolysis

reaction is as follows (Ramsden 2000)

SiCL (1) + 2H,0 (1) — SiO, (s) + 4HCI (g).

Figure 3.1 SEM images of the MA PAA membrane before going through the SiO;

coating process: (a) and (b); and after completion of the process: (¢) and (d).
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Figure 3.2 EDX spectra of (a) uncoated and (b) SiO, coated PAA membrane.

Each membrane was taken through five cycles of the coating process to ensure

that the inner wall of the pore was completely covered with the SiO, layer. A stream of

argon was used to envelope the membrane while transferring it from one beaker to the
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other during the coating process to prevent the SiCly from getting hydrolyzed with
moisture in air. Figure 3.1 shows the PAA membrane viewed before and after the SiO;
coating process. The thickness of PAA membranes after the coating process was still
90+£5 um but the pore diameter was reduced to 70+£5 nm, as measured with a SEM.
Additionally, energy dispersive X-ray (EDX) analysis was conducted on the coated and
uncoated PAA membranes to further confirm the presence of SiO, over the membrane
surface. Figure 3.2 (a) shows the EDX spectra indicating the presence of Al and O with

an additional peak in figure 3.2 (b) corresponding to Si.

3.3 Experimental Details for Characterization of EO Flowrate

3.3.1 Experimental Set-up

DC source

\ ==
I Current

pre-amplifier

Pt electrodes ’

PDMS
container I I
PC
Buffer
solution PAA membrane

Figure 3.3 Schematic of the experimental set-up for pumping flowrate characterization.

The experimental setup for pumping flowrate characterization is depicted in the

schematic shown in figure 3.3. An Agilent power supply (Agilent Technologies,

E3612A) was used as the power source for pump operation. Platinum electrodes were
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used for both cathode and anode. The current signal was recorded through a current pre-
amplifier (DL Instruments, Model 1211) and transferred to a computer using an
automated data acquisition system comprising of a data acquisition card (National
Instruments, 6052t), a BNC terminal break-out box and LabView software (National
Instruments Corporation).

The PAA membrane was mounted over a 1 mm thick glass slide inserted in the
center of a container made of PDMS and held in place using silicone sealant. The glass
slide had a 6.35 mm diameter hole in the center to expose the membrane to the electrolyte
on the upstream side. For the downstream side the membrane surface was covered with
colorless nail polish (acetate and nitrocellulose based formulation) leaving a 6.35 mm

diameter area in the center coinciding with the hole in the glass slide.

3.3.2 Distribution of Applied Electric Potentials

The pumping setup designed here for our experiment was such that all of the
applied electric potential, V,,,, supplied by the power supply was not experienced by the
membrane, but only a part of it, V. This was due to the fact that V,,, would get
distributed as V., the decomposition potential associated with the electrode reactions at
the electrode/electrolyte interface and the combined potential drop of (2R,+R;+R,)1L
Here R} is the resistance of the region from the electrode to the glass slide on either side;
Ry, is resistance of the region within the hole on the glass slide immediately adjoining the
membrane; R,, is the resistance of the PAA membrane; and / is the system current. Yao
et. al. conducted a calibration experiment and estimated the value of Vg to be around 4.5

V for the platinum electrode/borate buffer combination (Yao et al. 2003). Based on the I-
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V relation V,, -V, = (2Rb +R, + Rm)l , Viec can be determined with two different

applied voltages and correspondingly measured currents. The value of V4. so obtained
was around 4 V and the value determined for each run was used for the data reduction.
The resistance 2R,+R;, and R, were also measured by conducting a blank run (without
the membrane mounted) and a full run (with the membrane mounted) at an applied
voltage for each run. The range of the effective electric fields across PAA membranes
selected was between 0.01 V/um (~1 V across the PAA membrane) and 0.1 V/um (~9 V

across the PAA membrane), which was comparable to the values reported in literature.

3.3.3 Selection of Buffer Solutions

EO pumps reported in literature have operated on buffered aqueous electrolytes
prepared by using DI water or DI water itself (C. H. Chen and Santiago 2002; Gan et al.
2000; Yao et al. 2003; Zeng et al. 2001; Zeng et al. 2002). From the viewpoint of
practical microcooling systems, buffered DI water has been used as an effective cooling
medium in a closed loop EO microchannel cooling system for VLSI circuits (Jiang et al.
2002). In this dissertation, for all pumping experiments on PAA membranes the working
fluid was an aqueous borate buffer (Na;B407) based on sodium ion (Na") concentration
varying from 0.1 mM to 7.5 mM with a pH ~ 9. The range of buffer concentrations used
and the measured conductivity corresponding to each concentration is tabulated in table
3.1. The pH and conductivity of the electrolyte was measured using a pH meter (Accumet

AB15 Basic) and a conductivity meter (Oakton CON 11 series).
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Buffer Concentration Conductivity
(mM) (S/m)
0.1 1.075e-3
0.25 2.49e-3
0.5 4.7e-3
0.75 6.9¢-3
1 9.02e-3
2.5 2.15e-2
5 4.15e-2
7.5 6.10e-2

Table 3.1 Range of standard buffer concentrations used in experiments.

3.3.4 Experimental Procedure

Freshly prepared membranes were mounted and rinsed thoroughly with DI water
by filling both sides of the PDMS container with DI water and agitating the water over
the membrane surface. The membrane was then primed electro-osmotically by filling the
container with the buffer solution of a particular concentration to be used for testing and
applying a small voltage across the electrodes for approximately 30 — 45 min. During the
experiments, the upstream side of the container was filled with a known volume of buffer
solution and allowed to flow through the pores to the other side through capillary forces.
The downstream side was then filled with an equal volume of the buffer solution. The
combination of capillary filling, agitation, and priming ensures that all the channels in the
PAA membrane are free of ionic contaminants and are filled with the testing solution. In
the event of testing a solution of a different concentration, a similar cleaning procedure

was employed except that after cleaning the membrane with DI water agitation, DI water
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was passed electro-osmotically through the channels. Decay was observed in the
measured ionic current indicating the removal of ionic species from the previous run. The
cleaning was carried out until a steady ionic current was observed followed by EO
priming of the channels with the new test solution.

The pumping flowrate was measured based on the mass difference of the
electrolyte between the downstream and upstream fluid reservoir and the pumping time.
An Acculab mass balance (Acculab, VI-3mg) was used to measure the mass of the
electrolyte on either side. This was done by first weighing the container with both sides
filled to give mass W, emptying and drying the downstream side of the container after
the run and weighing again to give mass W, and then weighing the empty container to
give mass W3. The mass differences (W;-W,) and (W»-W3) correspond to the mass of the
downstream side and upstream side, respectively. The total pumped mass is then half the
difference between the weights of the downstream and upstream side. The pumping time

was measured using a stopwatch.

3.4 Results and Discussions

Pumping flowrates for PAA membranes were characterized, both with and
without SiO,-coating under different effective applied voltages. With SiO,-coated PAA
membranes, a high normalized pumping flowrate per unit membrane area per applied
voltage under a low effective applied voltage was achieved. The uncoated PAA
membranes have a higher porosity than the SiO,-coated PAA membranes, but lower
pumping flowrates. Moreover, the pumping flowrates for the uncoated membranes

showed a non-linear flowrate versus effective applied voltage behavior under some
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conditions.

3.4.1 Pumping Flowrate Characterization for SiO>-coated Membranes
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Figure 3.4 Flowrate versus electric field for SiO,-coated PAA membranes at different

buffer concentrations.

Figure 3.4 shows the pump performance based on flowrate measured at different
effective applied electric fields for the different concentration buffers used in this work.
The flowrates show a linear increasing trend with increasing electric field, as expected. In
addition, as the buffer concentration increased, the pumping flowrate increased. There are
larger experimental uncertainties for high concentration electrolytes (5 mM, 7.5 mM)
under high total applied voltages (> 50 V). In this case, we observed that the measured

current from the pre-amplifier was not very stable (the fluctuation is about 10-20% of the
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baseline current), probably due to the disturbance from gas bubble formation at the
electrodes from the electrodic reactions. At lower buffer concentrations and applied
voltages, this problem was not encountered. Therefore a maximum flowrate was obtained
within the regime where the measured current was stable, which in this case was
achieved using a buffer solution of 2.5 mM concentration operating at a total applied
voltage of 40 V.

A good figure of merit for the pumping performance of different materials is the
normalized flowrate in the unit of milliliter per minute per voltage per unit area. Figure
3.5 shows the comparison of the maximum flowrate achieved in this study along with EO
flowrates that have been reported in literature within the past decade. Within the regime
where the measured current is stable, based on the effective voltage drop across the
membrane, the normalized flowrate obtained in this work is 0.125 ml/min/V/cm®. This is
higher than the flowrates of most other micro EO pumps reported in literature (Laser and
Santiago 2004) by a factor of at least two, and often higher by orders of magnitude. The
only comparable normalized flowrate reported is for an EO pump made of porous silicon

(Yao et al. 2006).
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Figure 3.5 Comparison of the EO flowrate obtained from SiO,-coated PAA membranes
against flowrates reported in literature. The flowrate for the coated PAA membrane is
based on the effective voltage across the membrane.
[a] - (Jiang et al. 2002); [b] - (Gan et al. 2000); [c] - (Zeng et al. 2001); [d] - (Zeng et al.
2002); [e] - (C. H. Chen and Santiago 2002); [f] - (Yao et al. 2003); [g] - (Tripp et al.
2004); [h] - (Yao et al. 2006); [i] - (Ramsey and Ramsey 1997); [j] - (McKnight et al.

2001); [k] - (Jacobson et al. 1994); [1] - (Wang et al. 2006); [m] - (Guenat et al. 2001); [n]

- (Laser et al. 2003); [o] - (Vajandar et al. 2007)

In addition to the high flowrate, it is worth noting that the flowrate was achieved
using a far lower effective voltage. This is very important for low voltage applications. A
point to clarify is that for the flowrates reported in literature, the voltage used for

normalization is based on the actual applied voltage instead of effective voltage as was
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used for the calculation here. The relatively large thickness of the membranes used in
other pumps posed the dominant electrical resistance in the system and therefore the total
applied voltage drop across the thick membranes was nearly the same as the effective
voltage. The high normalized flowrate achieved using SiO;-coated PAA membranes can
be attributed to the high porosity, low tortuosity and uniform pore diameter for the PAA
membrane and the low effective operation voltage is due to the small thickness of the
PAA membrane. The simple and cost-effective fabrication of a PAA membrane also
makes it attractive for EO pumping applications.

It is known that zeta potential varies inversely with ionic concentration
(Arulanandam and Li 2000; R. J. Hunter 1981; Kirby and Hasselbrink 2004) though the
dependence is a weak one (D. Q. Li 2004). Thus a slightly higher flowrate should be
expected at lower buffer concentrations due to the increase in zeta potential. However an
exactly opposite trend was observed as shown in figure 3.4. The reason is that for
nanochannels, the channel diameter is comparable to the Debye length, A. As reported by
Rice and Whitehead, the volume transported per unit area and unit time decreases in the
region 1 < ka < 10 as the double layer thickness becomes comparable to the channel
diameter and eventually overlaps (accounted for by the integral f'in equation (3.2)), with
the velocity profile taking on a Poisseuille form for xka < 2 (Rice and Whitehead 1965).
A plot of the measured flowrate against log ka at three different V.; demonstrates this
trend and is shown in figure 3.6. The pumping flowrate increases as ka increases since
the combination of @ and the electrolyte concentration results in ka being in the region of

1 < ka < 10 for PAA membranes.
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Figure 3.6 Flowrate as a function of electro-kinetic radius for three different effective

voltages.

It is an established fact that surface charge governs ionic transport in nanofluidic
channels at low solution concentrations, i.e., the electrical conductance of the solution
saturates at a value independent of solution concentration (Stein et al. 2004). To examine
this effect on the EO flowrate of SiO;-coated PAA membranes, the flowrate-ka plot
(figure 3.6) was extended further to lower solution concentrations (concentration < 0.1
mM) for the case of 3 V. Figure 3.7 depicts the plot of EO flowrate versus log ka for

solution concentration 1 mM and below.
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mM) measured at 3 V.
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Figure 3.8 Measured ionic conductance (solid curve) of silica coated PAA membrane

depicting the deviation from bulk behavior (dashed line) at low concentrations.
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It can be seen from figure 3.7 that the flowrate shows a marginal increase for
concentration below 0.1 mM (negative values of ka). We believe that the reason for this
increase can be attributed to the surface charge governed ionic transport and high surface
charge density of the SiO, coated PAA membranes at these concentrations. The negative
surface charge density of SiO; surface arises from the density of SiO” groups present on
its surface, which in turn is a function of the buffer solution pH (Papirer 2000).
Additionally the sodium borate buffer used for these experiments has a basic nature due
to the hydrolysis of the conjugate base (B4O;” in this case). The hydrolysis reaction
produces OH ions, which gives the buffer solution its basic nature. At low salt
concentrations the OH ion concentration is lowered thus lowering the pH of the solution.
Therefore to maintain a pH of around 9, sodium hydroxide (a strong base) was added
while preparing the buffer solution. The addition of the base increases the OH™ ion
concentration in the solution. This prevents the SiO” groups from getting protonated to
neutral SiOH and thereby maintains a high surface charge density for the SiO, surface.
Moreover the ionic conductance in the pores also follows the expected trend at low
solution concentrations corroborating surface charge dominated transport in PAA
membranes. It should be noted here that the conductance measurement using a porous
membrane yields a higher and therefore a more precise value of conductance as
compared to conductance measurements on single nanochannels. This is because each
pore in the PAA membrane is parallel to each other and the parallel conductance adds up
to give a higher equivalent conductance. Figure 3.8 shows the measured ionic
conductance. The solid curve in the figure depicts the deviation of ionic conductance

from bulk behavior (dashed line) at low salt concentrations.
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A check on the pumping flowrate indicates that the predicted flowrates using
equations (3.2) and (3.3) can be several times higher than the experimental results. For
the 2.5 mM buffer the predicted flowrate is approximately 8 times more than the
measured value, while the discrepancy is lower for 5 mM (5.4 times) and 7.5 mM (4.8
times) buffer solutions. One possible reason is that we used the high limit of the zeta
potential for SiO; in the calculations (110 mV), while the sol-gel coated SiO, may have a
lower zeta potential. A more possible reason is that in our calculation, the electrical
potential distribution in the channel, ¥ in equation (3.3), is modeled based on the Debye-
Hiickel theory, which is only strictly valid for low to moderate zeta potentials below 25
mV (Rice and Whitehead 1965; Yao and Santiago 2003), while the zeta potential of SiO,
is usually much higher. A recent molecular dynamics simulation by Qiao and Aluru
suggested that for high surface charge density, which corresponds to high zeta potentials,
the continuum theory that equations (3.2) and (3.3) were based on could overestimate the
EO flow significantly (Qiao and Aluru 2005). For example, for a surface charge density
of 0.1 C/m?, which corresponds to the upper limit of the oxide surface charge density
(Karnik et al. 2005), the continuum theory predicts an EO flow mobility that is more than
five times of that from molecular dynamics simulation. This indicates that the prediction
based on the continuum theory, i.e., equations (3.2) and (3.3), may not be feasible to be
used for quantitative flowrate calculations for a channel with an oxide surface of high
zeta potential.

Other factors one might think of could include the back pressure effect on the
overall measured flowrate as the fluid is being pumped, or the symmetric electrolyte

approximation taken into account here and pore diameter variations along the length of
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the pore. To avoid error from evaporation in the experiment, the run times were kept
short (3 to 5 minutes, depending on the flowrate), and the maximum surface level
difference between the two reservoirs was around 0.2 cm because of the relatively large
surface area of the reservoir. This liquid level difference leads to a back pressure value of
about 20 Pa giving rise to a reverse flowrate of around 2.4x10” ml/min, which is
negligible compared to the measured pumping flowrates on the order of 0.1 ml/min.
Therefore, it is fair to assume that the back pressure has a negligible effect on the overall
measured flowrate (~ 0.01%), and hence can be ruled out. The symmetric electrolyte
approximation is a well documented fact (R. J. Hunter 1981; Yao and Santiago 2003) and
should hold well in this case since the zeta potential for the range of buffer concentrations
used is reported to be 65 mV-110 mV at a solution of pH ~ 9 (Scales et al. 1992; Yao
and Santiago 2003; Yao et al. 2006), unless the sol-gel coated SiO, has a much lower zeta
potential. The laboratory fabricated PAA membranes are known to have an excellent
uniformity in diameter of pores as verified by SEM observations and as reported in
literature (Asoh et al. 2001; W. Chen et al. 2005a; A. P. Li et al. 1999; Masuda and
Fukuda 1995; Masuda and Satoh 1996), and therefore pore diameter variations as being
one of the factors responsible for the discrepancy can be eliminated. Also it is not likely
that this discrepancy is caused by the possibility that the membrane is not completely
wetted by the solution since the flowrate for each case was measured two to three times
with consistent results. This would not be true if the percentage of membrane that was

wetted was not 100% and varied from run to run.
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3.4.2 Pumping Flowrate Characterization for Uncoated Membranes

In addition to testing the SiO;-coated PAA membranes for their EO pumping
performance, the uncoated PAA membranes were also tested to see if a similar pumping
behavior is observed. It has been reported that alumina surface exhibits a negative zeta
potential in the presence of an aqueous solution of pH ~ 9 (Sprycha 1989). Hence the
buffer solution composition, pH, and concentrations were unchanged from those used for
the coated PAA membranes. For the range of buffer concentrations used here the zeta
potential value for the uncoated PAA membrane surface has been reported to be 15 mV-
35 mV (Sprycha 1989), which is lower than that of SiO, surfaces. Though the porosity of
the uncoated porous alumina is 1.3 times that of SiO,-coated membranes, a lower
flowrate is still expected for the same range of effective applied electric fields due to the
low zeta potential. In addition, a similar linear increasing trend with the effective applied
electric field should be expected.

Lower flowrates were observed; however, the trend is not linear with increasing
electric field, which is unexpected as shown in figure 3.9. At lower fields (< 0.03 V/um)
the flowrate increases linearly with the effective applied field for all ranges of buffer
concentrations used. However at higher fields (> 0.03 V/um) the flowrate deviates from
linearity for buffer concentrations in the range of 0.1 mM to 2.5 mM. For the buffer
concentration of 2.5 mM, the deviation from linearity is much more drastic showing a
“hump” like feature. More interestingly, for 5 mM and 7.5 mM the flowrate shows a
linear trend all the way through. The abnormal behavior was maintained on repetitions

with different PAA membranes.
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Figure 3.9 Flowrate versus electric field for an uncoated PAA membrane: (a) all buffer

concentrations; (b) for lower buffer concentrations.

A possible reason for this abnormality could be the direct conduction of current

through the bare PAA membrane at higher voltages arising from electrochemical
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reactions occurring on the surface of the membrane. This would be reflected in the
current-voltage characteristic for the uncoated membrane. A plot of the current-voltage
characteristic for a bare PAA membrane with 1 mM buffer concentration in figure 3.10
shows a linear trend thus leading to the belief that there was no direct conduction of
current through the PAA membrane. Additionally an experiment was performed where a
bare PAA membrane with the barrier layer (~50 nm thick) at the bottom was mounted
inside the PDMS container with 1 mM buffer solution on both sides and a voltage was
applied. The barrier layer was able to withstand a voltage drop of around 35 V without
current leakage before it broke down. This was much higher than the maximum effective
applied voltage (~ 9 V) on the PAA membrane in the pumping tests, which further
eliminates the possibility of current conduction through the membrane during flowrate
measurements. At this moment, a confirmed explanation for this abnormal behavior is not

available.

3.4.3 Additional Comments on Error Analysis

Since the pumping setup design was an open system and the flowrate was
measured based on mass differences, electrolyte loss due to electrolytic reactions at
electrodes could induce an error in the measurement, which could be significant for
concentrations below 1 mM as flowrates at these concentrations were small. The only
important electrolytic reaction was electrolysis of water (Yao et al. 2003) since inert
platinum electrodes were used for the experiments. This was corrected by measuring the
total mass of the filled PDMS container before and after each run, the difference of which

gave the mass of water lost from electrolytic reactions. The amount of H;, and O; lost at
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the cathode and anode was calculated from the electrolysis reaction and added to the
corresponding side prior to the calculation of flowrate for each run. The results discussed
above reflect the gas loss correction. Another source of error could arise from reduction
in pH of the buffer in the upstream region of the pump. The pH value of the buffer was
measured for both sides after each run and was not found to fall below 8, due to the short
run times employed here. The conductivity of the solution was also not found to change
with time. The error from emptying the container and measuring the mass of electrolyte
left behind in each chamber was also tested. Twenty trial runs were performed with a

dummy electrolyte and the error from this was found to be below 10%.
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Figure 3.10 Current-voltage characteristic for a bare PAA membrane with 1 mM buffer

solution.
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3.5 Summary

Nano structured SiO,-coated PAA membranes have been fabricated and tested for
EO pumping. Results show that these nano structured membranes can achieve EO
pumping flowrates that are higher than those reported in literature at a low effective
applied voltage across the membrane. This is attributed to its dense array of highly
ordered parallel nanopores resulting in a high porosity and a low tortuosity of unity. A
maximum normalized flowrate of 0.125 ml/min/V/cm® was obtained based on the
effective applied voltage with 2.5 mM buffer solution, which is much higher than most of
those reported in literature. The only comparable result is obtained using porous silicon
membrane at a higher applied voltage (~50 V). The low operation voltage and cost-
effective fabrication could make PAA membrane more attractive.

A decrease in flowrate was observed for lower concentration buffers due to
comparable electric double layer thickness with the pore diameter, resulting in a change
in the velocity profile within the nanopore. Additionally, the ionic conductance of the
nanopores deviates from bulk value at low buffer concentrations, as demonstrated in
single nanopore measurements in literature. Tests were also conducted on uncoated PAA
membranes and results showed that the pump flowrate is lower than those from SiO,-
coated membranes. Interestingly, the flowrate measured using uncoated PAA membrane
does not follow a linear trend when the electrolyte concentration is lower than or equal to
2.5 mM and the effective applied electric field is over 0.03 V/um, which cannot be

explained with the current available information.
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CHAPTER IV

FIELD EFFECT FLOW CONTROL ON ELECTRO-OSMOTIC PUMPING IN

SiN,-COATED POROUS SILICON MEMBRANES

This chapter demonstrates field effect flow control of EO pumping using silicon
nitride (SiNy)-coated porous silicon (PS) membranes. A heavily doped silicon core was
used as a conducting electrode to apply a transverse gate potential over the insulating
SiNy pore walls. The applied gate potential modulates the zeta potential of these walls and
thereby provides control over the EO flowrate while keeping the main electric field along
the pores constant. These membranes have been fabricated using standard
photolithographic techniques. The conformal insulating thin layer of SiNy was deposited
using the low-pressure chemical vapor deposition (LPCVD) technique. Gate voltages in
the range of -45 V to +40 V were applied. A current leakage through the SiNy for V, <0
has been observed. Furthermore, on switching the gate bias polarity from negative to
positive, a current rectification effect known as electrolytic rectification has been

observed, which leads to asymmetric EO flow velocity control at opposite gate biases.

4.1 Theory

Analogous to the metal-oxide-semiconductor field effect transistor (MOSFET) in
solid-state where a conducting channel comprising of electrons or holes is generated and
manipulated between the source and drain electrodes through the application of a bias at a

third electrode called the gate, a potential applied between the outside surface of the
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channel wall and the bulk of solution within the channel (V), relative to the local
potential in the channel, Vzor, will result in a change of zeta potential ({) through
polarization of charge (capacitance effect) in the channel wall. The application of a
negative relative voltage (V,.; = Vg - Veor < 0) will increase the surface charge density on
the negatively-charged channel wall at the solid/liquid interface and thus increase the C
potential prompting an acceleration of fluid near the wall. The opposite is true on
application of a positive relative voltage (V,e; = Vg - Veor > 0). The surface charge density
on the negatively-charged channel wall at the solid/liquid interface will decrease thus
reducing § and prompting a deceleration of fluid near the wall. Figure 4.1 depicts this

principle schematically.
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Figure 4.1 A schematic depiction of field effect control on EO flow velocity.

A three-capacitor model as shown in figure 4.2 has been proposed in literature to
estimate the magnitude of the capacitance effect (C. Y. Lee et al. 2004; Schasfoort et al.
1999; van der Wouden et al. 2005). The model is a series of three capacitances, i.e. the

channel wall capacitance, C,, the stern layer and diffuse layer capacitances of the EDL,
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Csern and Cy respectively. Cyer, 1s usually neglected in most studies because the
equivalent capacitance of the EDL is dominated by C;, as the stern layer is extremely thin

compared to the EDL thickness, following the equation:

! = ! + L 4.1)
CEDL B Cstern Cd ' '
Vg Yy g Veor
CwaII Cstern Cd

Figure 4.2 A three-capacitor model to estimate the magnitude of the capacitance effect.

W, — surface potential of SiNy wall. Adapted from (van der Wouden et al. 2005).

The capacitance per unit surface area is given as

Cc=""2 (4.2)

where d is the separation distance between the capacitor plates. For the EDL, d is the
thickness of the stern and diffuse layers. The change in £ due to a potential V, applied on
the outside of the channel wall is then expressed as

A§=%(Vg-vm) . (4.3)

d
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C, for dilute aqueous solutions is expressed as (Bard and Faulkner 1980)

C, = 2287+Jc cosh(19.5z¢). (4.4)
Here c is the electrolyte concentration in mol/L, z is the ion valence and & is expressed in
mV. Since Cy is a function of electrolyte concentration and | £ |, equations (4.3) and (4.4)
are coupled and the modulation of & at high electrolyte concentration and high | & |
becomes difficult. Furthermore equations (4.3) and (4.4) suggest that A will tend to

saturate at higher values of | V |.

4.2 Materials

For the fabrication of PS membranes, 4" n-type silicon wafers (Silicon Quest
International, Inc., CA) were used, which were polished down to 200 um thickness.
These wafers were heavily doped having a resistivity of 0.005 ohm-cm. This was done so
that gate voltages applied over the insulating pore wall would suffer minimum resistive
loss within the PS core (current leakage was observed through the insulating wall — refer
to section 4.4.2 for further details).

From equations (4.2) and (4.3) it is seen that A is proportional to C,,; and hence
a thin channel wall having a high dielectric constant and high breakdown field is needed
so that effective £ modulation can be achieved using low gate voltages over the channel
wall. To achieve this LPCVD SiNy was chosen as the gate dielectric material since it has
a high breakdown field (~10” V/cm) and a dielectric constant of seven, which is higher
than thermal silicon dioxide (SiO;) (Madou 2002).

For tests of field effect control of EO pumping, two different aqueous buffer

solutions spanning three pH values were used — sodium acetate buffer, pH 3.6 and pH 5;
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sodium borate buffer, pH 9.2. The buffer solution concentration was maintained at 5 mM.
A diffusion pump oil plug from Dow Corning 704 (Dow Corning Corporation, MI) was
used to monitor the EO flowrate. Platinum electrodes were used for all measurements due

to their inertness.

4.3 Experimental Procedure

Power supply 2: (P2)

Exposed silicon |—| I—@—
core for attaching
the gate electrode\ / Pt electrodes

SiN, coated —
porous silicon I
membrane |=

Power supply 1: (P1)
Figure 4.3 Electrical circuit schematic of the experimental setup. P1: Power supply for

applying Veor, P2: Power supply for V.

The fabrication of SiNy coated porous silicon membrane has been described in
detail in Chapter II and will not be repeated here. The experimental set-up for EO
flowrate measurement is depicted in figure 4.3. Two power supplies (Agilent
Technologies, E3612A) were used in the set-up, one for applying bias to generate EO
flow (P1) and the other as the source for applying bias over the gate (P2). P1 and P2

share a common grounded. A digital multimeter (Agilent Technologies, 34401A) was
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connected in series to P2 to detect any leakage current through the SiNy insulation layer
(Refer to section 4.4.2 for details of current leakage). Platinum electrodes were used for
both cathode and anode, which were placed in such a way that they made contact with the
chip closely on both sides.

The silicon chip was mounted over a 1 mm thick glass slide inserted in the center
of a fluidic chamber made of PDMS and held in place using silicone sealant. This
resulted in two reservoirs in the fluidic chamber, an upstream and a downstream
reservoir. The glass slide had a 2 cm % 2 cm opening in the center. The chip was mounted
using colorless nail color (acetate and nitrocellulose based formulation). Once mounted,
the edges of the chip were covered with a layer of silicone to make sure that the silicon
exposed at the edges does not come into contact with the buffer solution. Also, the area of
the chip excluding the patterned array was covered with a thin layer of silicone on both
sides of the chip. This ensured that only the surface of the patterned array on either side
of the chip and the pore walls made contact with the buffer solution. This was done to
keep the leakage current through the SiNy to a minimum. Prior to beginning the
experiment, a small amount of DI water was placed on one side of the patterned array
while holding the PDMS fluidic chamber in a vertical position (pores aligned vertically).
The water was allowed to flow through the pores under capillary action and gravity. This
was done to clean the pores of any contaminants and also to wet the pores. After
repeating this process a few times, a small amount of the buffer solution was placed on
the top of the patterned array and allowed to flow through the pores as before. This was
also repeated a few times. This ensured that all the pores were filled with the buffer

solution.
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Gate electrode  Sample Specially designed
container glass tube

Figure 4.4 The experimental setup used for EO flowrate measurement. The PDMS fluidic
chamber is seen here with the silicon chip mounted and buffer solution on either side of
the chip. The fluidic chamber is attached to the specially designed glass tube through

flexible nalgene tubes.

To measure the EO flowrate, a visual observation technique was followed. The
PDMS fluidic chamber was designed to have two 6 mm diameter glass tubes glued to the
bottom of the upstream and downstream reservoirs. The tubes were connected externally
to another specially designed glass tube (GT) through flexible nalgene tubes. This
resulted in a closed-loop, U-tube type system with the reservoirs open to atmospheric
pressure to eliminate backpressure effects. Electrodes were placed on both sides of the
chip. The downstream reservoir was first filled with buffer solution, which instantly
flowed through the externally connected glass tubes under atmospheric pressure and
filled the entire system including the upstream reservoir. GT had a small opening to one

side with a rubber septum from where an oil plug was inserted. Under EO flow, the oil
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plug in GT would move opposite to the direction of flow in the pores. The motion of the
oil plug/buffer solution meniscus was monitored over a scale and the distance was
recorded over time to solve for the EO flow velocity. To minimize the flow resistance of
the oil plug, the inner surface of GT was coated with a thin layer (tens of angstroms) of
AMCI18 (Advanced Materials Components Express, LLC, PA), which made the surface
lipophobic. Figure 4.4 shows the PDMS fluidic chamber used for EO flow velocity

measurement with the silicon chip mounted and GT attached.

4.4 Results and Discussion

4.4.1 Field Effect Control of EO Flow
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Figure 4.5 Current vs. voltage scans for the platinum electrode/acetate buffer solution

system and platinum electrode/borate buffer solution system.
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For all field effect control tests, the applied voltage for generating EO flow (Vgor)
was maintained at 25 V. However, after taking into account the decomposition potential
associated with the electrode reactions at the electrode/electrolyte interface, the effective
voltage was found to be less than the applied voltage. For a given electrode/electrolyte
system the decomposition potential can be estimated from the initial non-linear part of a
current vs. voltage (/-V) curve obtained by running a voltage scan between the two
electrodes in an electrolyte and recording the corresponding current. Figure 4.5 shows the
I-V scans for the platinum electrode/acetate buffer solution system and platinum
electrode/borate buffer solution system. The decomposition voltages estimated from these
scans are approximately 3 V and 4 V for the acetate and borate buffer solutions,
respectively. The range of gate voltages applied to the pumping membrane was from -45

Vito+40 V.
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Figure 4.6. Field effect control on EO flow velocity for V, ranging from -45 V to +40 V.
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The field effect control data obtained for buffer solutions of three different pH
values (pH 3.6, pH 5 and pH 9.2) are shown in figure 4.6. It can be deduced from the
figure that the pH 5 and pH 9.2 buffer solutions show a lower field effect control on the
EO flow velocity as compared to the pH 3.6 buffer solution. This pH dependence is in
good agreement with that reported in literature for studies on fused silica capillary
systems and silicon based systems (Buch et al. 2001; Ghowsi and Gale 1991; Hayes and
Ewing 1992; Hayes et al. 1993a; Huang et al. 1993; C. S. Lee et al. 1991; Poppe et al.
1996; Schasfoort et al. 1999). This trend is expected since at higher pH values the zeta
potential is higher which translates into a larger C, in equation (4.4) leading to a reduced
zeta potential modulation at these pH values. Furthermore, the EO flow velocities
measured for the pH 5 and pH 9.2 buffer solutions are very close to each other and much
higher than the EO flow velocity measured for the pH 3.6 buffer solution. This is also
reasonable since the dependence of SiNy zeta potential on buffer solution pH shows a
maximum slope in the pH range of 2 and 5 with the zeta potential increasing from pH 2
to 5 and saturating for pH values greater than 5. Zeta potential measurements performed
on silicon nitride in literature corroborate this trend (Bousse and Mostarshed 1991; Bu

and Moudgil 2007; Hegde and Babu 2004).
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Figure 4.7 Theoretical trend of EO flow velocity against gate bias for a low pH buffer.
An opposite, but equal in magnitude influence on EO flow velocity should be expected

on reversing the gate bias polarity.

While the low field effect control for the pH 5 and pH 9.2 buffer solutions is
anticipated, the pH 3.6 buffer solution reveals an unexpected result. Figure 4.7 shows the
expected trend of EO flow velocity against gate potential calculated for a low pH solution
(pH ~ 4) using equations (4.3) and (4.4) and an iterative procedure. The theoretical trend
indicates an opposite, but approximately equal in magnitude influence on the EO flow
velocity on reversing the gate bias polarity. The experimental trend suggests otherwise.
For the pH 3.6 buffer, a velocity enhancement of approximately 15% from V, = 0 was
measured on application of -45 V gate potential whereas approximately 70% reduction in
velocity was observed on application of +40 V gate bias. This difference arises due to an

effect termed as “Electrolytic Rectification” and is explained in the following section.
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The same effect is also responsible for the fact that under negative gate potential, the pH
9.2 buffer solution shows a reduced flowrate, which is exactly opposite to the expectation

that negative gate potential will enhance the zeta potential, and hence the flowrate.

4.4.2 Current Leakage through Silicon Nitride — An Electrolytic Rectification Effect
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Figure 4.8 I-V plot for a voltage scan in solution from -25 V to +25 V demonstrating the
electrolytic rectification effect on 500 nm SiNy coated porous silicon membrane. Current
leakage begins at around -4 V. Also depicted is the I-V plot measured in solid-state
conditions showing no rectification effect. The two plots overlap each other starting from

-4 'V through to +25 V as seen in the inset plot.

As is well known, SiNy, like thermal SiO,, is a commonly used insulating film

functioning as a gate dielectric material in microelectronic devices like MOSFETs

(Brown and Khaliq ; Buchanan 1999; Depas et al. 1996; Ma 1998; Wong and Gritsenko
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2002; Wright and Saraswat 1989; Yeo et al. 2000), owing to its superior electrical
properties - dielectric constant of LPCVD SiNy is seven and its dielectric strength is as
large as 10" V/cm (Madou 2002). However this is true only for solid-state devices. In an
aqueous solution the electrical properties (dielectric strength and resistivity) of this film
are substantially modified.

To better understand this phenomenon, resistivity of the LPCVD SiNy films
deposited on porous silicon membranes used in these experiments was measured. By
placing the PDMS sample container in a vertical position, a drop of buffer solution was
placed on the top side of the patterned area of the mounted porous silicon chip and was
allowed to wet the opposite side through capillary action. The silicon was biased
cathodically (negative bias applied onto silicon) while a platinum electrode placed in the
buffer solution drop was biased anodically and an I-V plot was generated for a voltage
scan of 0 to -25 V. The measured resistivity was on the order of 10’ ohm-m, about seven
orders of magnitude lower than that reported for measurements done under solid state
(Madou 2002). This lower resistivity allows a significant leakage current through the
SiNy film. Moreover when the bias polarity was reversed, i.e., silicon biased anodically
and the buffer solution biased cathodically, a negligible leakage current was measured.
Figure 4.8 shows the I-V plot for a voltage scan from -25 V to +25 V, together with a
similar scan for the SiNy in all solid-state, which did not show any leakage current over
the whole voltage range. The observed trend is similar to that of an I-V plot of a
rectifying diode where current is allowed to pass through in a forward biased condition
(silicon biased cathodically in this case) and blocked in the reverse biased condition

(silicon biased anodically here). An analogy with a metal-oxide-semiconductor (MOS)
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system can be drawn here, where the role of the metal is played by the buffer solution and

therefore such systems are referred to as the electrolyte-insulator-semiconductor (EIS)

systems and the rectification effect is termed as electrolytic rectification.

The electrolytic rectification effect on an EIS system involving a buffer solution,

a thermally grown SiO, and silicon was first reported by M. Madou and co-workers

(Madou et al. 1979, 1980) and a few observations made by them on their samples are

noteworthy and listed as follows.

1.

Microscopically visible flawed regions on the SiO, after the application of a
cathodic bias;

Generation of bubbles, presumably hydrogen, at localized points on the surface
under high cathodic bias;

Luminescence, characteristic of the cation in the buffer solution under high
cathodic bias on p-type silicon;

For p-type silicon, an increase in cathodic current upon illumination with a
microscope lamp;

Flaws, if present, tend to spread over the SiO, surface at cathodic voltages of

greater than 10 V.
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Figure 4.9 Band diagram of a Si/SiO,/buffer solution system as postulated by Madou and
co-workers. The impurity band lays 2.4 eV below the SiO, conduction band. The

fluctuating energy levels are indicated in the solution region. (Madou et al. 1980)

From their experiments they concluded that the current through SiO, was electronic and
postulated a model to explain the cause of the current. It is known that there is a so-called
impurity band within bulk SiO,, which lies 2.4 eV below the SiO, conduction band
(Morrison 1980). Figure 4.9 shows the band diagram for the Si/SiO,/buffer solution
system with the impurity band located 2.4 eV below the SiO; conduction band. It is also
known that this band has an exceptionally large capture cross-section for electrons and is
associated with alkali ions (Na', K') that are almost always present within the bulk SiO,
(DiMaria 1978; Madou 2002). Moreover, SiO; is known to be structurally very "open",
meaning there exist channels within its structure through which positive ions such as Na"

and K™ can readily migrate and therefore when in contact with an aqueous solution it
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behaves like a sponge to ions in the solution. Madou and co-workers suggest that under
cathodic bias on silicon large amounts of protons (H') or positive ions like Na" if present
in the solution diffuse to the Si/SiO, interface further augmenting the ionic density
already present within the oxide. If flaws are present on the oxide surface then this
diffusion occurs most rapidly at these defects. Additionally the cathodic bias bends the
bands in the SiO, making it easier for electrons to tunnel to the conduction band or the
impurity band of the oxide, depending on the bias. They further go on to suggest that the
band in the SiO, that actually does the conducting is not necessarily the conduction band
but rather the impurity band associated with the moving positive ions. They observed that
a cathodic bias of about 2 V was sufficient to lower the impurity band so that electron
transfer to this band could readily occur. As the electrons tunnel through, they neutralize
the positive ions causing more positive ions to diffuse in, until the SiO; is heavily doped
with H" or Na’. This model is consistent with the observation of copious amounts of
hydrogen bubbling out at localized spots at the SiO,/buffer solution interface, which is an
indication of the development of electronically conducting channels within the SiO, at
these localized spots. On reversing the bias polarity, i.e., under anodic bias, the protons or
ions will tend to move away from the Si/SiO; interface, thereby increasing the barrier for
electron flow and hence blocking their transport.

Electrolytic rectification effect in LPCVD SiNy thin films has not been reported in
literature yet and here we attempt to shed light on this phenomena based on the model
postulated by Madou and co-workers. LPCVD SiNy is known to be an excellent barrier
material for diffusion of impurity ions such as Na" and K" (Madou 2002), which is why it

is used as a diffusion mask over thermal SiO, — a poor diffusion barrier material.
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However certain amount of hydrogen entrapment in SiNy films has been reported which
is dependent upon the reagents used during their deposition (Belyi et al. 1976; K. Chen et
al. 1993; Vlasov et al. 2003). In LPCVD SiNy, ammonia and silane contribute to
hydrogen incorporation in the nitride film (Vlasov et al. 2003). This entrapment effect
may be significant due to the fact that the deposited nitride films had a non-stoichiometric
nature, leading to crystallographic point defects such as vacancies within the film, which
can be filled in with atoms of different elements. The trapped hydrogen is believed to
considerably influence the chemical, physical and electrical properties of these films
(Belyi et al. 1976). It has also been reported that SiNy film surface undergoes a slow
conversion to a hydrated silicon nitride layer when in contact with an aqueous solution
and the hydrated layer can significantly increase hydrogen ion concentration in the bulk
film (Yu and Yen 2002). In view of these reports, it is therefore possible that an impurity
band associated with hydrogen ions, similar to the one present in thermal SiO,, may be
present below the SiNy conduction band. The exact energy level associated with this
impurity band remains unknown at this point of time. A cathodic bias on silicon will have
two effects on this band: (1) it will cause H' ions to diffuse in the SiNj, further enhancing
their concentration; and (2) it will bend this impurity band so that electron transfer from
silicon to this band readily occurs. The tunneling electrons will neutralize the hydrogen
ions leading to hydrogen evolution from the SiN/buffer solution interface. To further
substantiate the occurrence of electrolytic rectification in SiNy, a test similar to the one
carried out by Madou and co-workers (Madou et al. 1980) was conducted. A flaw was
intentionally introduced on the SiNy surface by lightly scratching it with a diamond scribe

and a cathodic bias of ~50 V was applied for around ten minutes. As observed by Madou,
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the flaw began to spread over the SiNy surface. Figure 4.10 shows the SEM micrographs

of the flaw on the SiNy surface before and after the application of cathodic bias.

Figure 4.10 Intentionally introduced flaw on the SiNy surface, (a) before and (b) after
application of cathodic bias. The bias spreads the flaw over the nitride surface. The scale

bar is 30 um.

Additionally the effect of buffer solution concentration as well as time on current
leakage through the SiNy film was also tested to further understand the diffusion of
hydrogen ions within the SiNy film. On a nitride coated silicon chip, a2 mm x 1 mm area
was defined by using a non-conducting polymer. Sodium acetate buffer solutions of
different concentrations (100 mM, 10 mM, 1 mM and 0.1 mM) were used. A drop of
each concentration was placed over the exposed area and a Pt electrode was immersed in
the drop. A cathodic bias of 10 V was applied for all the cases. As noted earlier a leakage
current was measured and hydrogen bubbles were seen evolving from the exposed area.
The hydrogen bubble evolution was very severe for the 100 mM solution leading to a
very unstable and immeasurable current. For the rest of the concentrations, the current
was fairly stable and decreasing overall with the concentration. This is depicted in figure
4.11 (a). The data point for 100 mM solution was excluded because of the extremely

large uncertainty due to unstable current.
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Figure 4.11 (a) Leakage current through SiNy film as a function of buffer concentration.
(b) Effect of time over leakage current through SiNy film. The overall current went up
consistent with the aforementioned fact that defects in the nitride film tend to spread

further over time under cathodic bias.

Measurement results show that the leakage current increases by approximately

one order of magnitude as the concentration of the buffer solutions increases by two
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orders of magnitude. Currently we do not have a confirmed explanation on this observed
relation of the leakage current as a function of buffer concentration. One possibility is
that the resistance of the buffer solution is on the same order of the SiNy films because
even though the leakage conductivity of SiNy is small (on the order of 10® S/m as
estimated from figure 4.8), its thickness is only 500 nm, which is much smaller than the
size of the droplet. Therefore, the electrical resistance of the buffer solution can be
comparable to that of the SiNy film. One also cannot rule out the possibility that different
concentration buffers might affect the electrical leakage of the SiNy film, and hence alter
its resistivity through energy level changes at the nitride/buffer solution interface that are
expected to occur with a change in the ionic concentration of the buffer solution
(Morrison 1980).

A time dependent test on the leakage current was also performed using the same
setup and 1 mM buffer solution (pH ~ 4.5). The cathodic bias was maintained at 10 V
and leakage current was measured at every 20-minute interval for one hour. The current
measured showed minor fluctuations, again due to hydrogen bubble formation. As time
progressed the overall leakage current went up. This is expected and is consistent with
the aforementioned fact that defects in the nitride film tend to spread further over time
under cathodic bias. Figure 4.11 (b) illustrates this effect. The exponential trend indicates
that the spread of defects in the nitride film multiplies exponentially over time. This test
indicates that over time more electrically conducting channels are developed within the
nitride film under cathodic bias thus causing additional hydrogen diffusion to occur and
thereby deteriorating the nitride film further. It is worth noting that a portion of the

increase might come from the increased buffer concentration due to evaporation and
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dissociation occurring at the electrodes. Over the one-hour period, the droplet shrinks by
about 25% from evaporation and dissociation. To minimize the effect of evaporation we
repeated the same experiment in a humid environment by enclosing the setup within a
box. Inside the box, along with the setup, was placed a petri dish filled with water. The
water evaporation from the petri dish ensured a humid environment within the box. The
result showed a monotonic increase of leakage current with time, similar to that shown in
figure 4.11 (b). It should also be noted here that each experiment was performed on a
different chip, and other than the results shown in figure 4.11 (b), the effects of gate
potential were all measured within a time period of less than five minutes. Therefore, the
drift of leakage current over time should not contribute significantly to any background

drifting for the reported experimental results.
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Figure 4.12 Fluctuating current under negative gate bias suggesting disruption or
blockage of ionic current within the channels. Inset: Enlarged view of a section of the

plot to highlight the current dip.
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Another concern that can be raised here is dopant diffusion from the heavily
doped silicon to SiNy at high temperatures encountered during or after nitride deposition.
Such diffusion would aid current leakage through the nitride film. However, reports in
literature indicate that this is unlikely, as SiNy films in addition to being used as diffusion
barriers to alkali ions also serve as a barrier to the diffusion of p- and n- type dopants
during high temperature processes (Doshi et al. 2001; Izumi et al. 2001). This is
especially true given the fact that the only high temperature step used was during the
SiNy deposition at 840 °C without any further annealing treatment.

Referring back to figure 4.6, the observed difference in the change in EO flow
velocity on altering the gate bias polarity can now be construed in view of the above-
mentioned reasoning. Since hydrogen bubbles out at localized points from the
SiNy/buffer solution interface under cathodic bias, with the evolution being greater for a
higher cathodic bias, it is highly likely that hydrogen bubbles block some of the channels
in the PS membranes. Such a blockage would then reduce the field effect control of EO
flow velocity for V, < 0. However, for V, > 0, the leakage current measured is negligible
and no hydrogen evolution occurs for these gate voltages. Therefore a pronounced field
effect on EO flow velocity is observed for V,> 0. To corroborate this claim, a test was
conducted wherein the ionic current across the platinum electrodes was measured under
positive and negative gate bias by placing an ammeter in series with P1 in figure 4.3.
Under positive gate bias the measured current is much more stable than that for negative
gate bias. The current under negative gate bias shows significant fluctuations with several
large downward spikes. This current behavior under negative gate bias suggests the

disruption or blockage of ionic current within the channels of the porous silicon
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membrane by the generated hydrogen bubbles. Figure 4.12 shows the current-time plot

obtained under positive and negative gate bias.
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Figure 4.13 (a) Simulated effect of gate potential on the local channel potential and the
EO flow velocity for two cases of SiNy conductivity: (top) 2.88x10® S/m, as measured in
our experiment; (bottom) 2.88x10” S/m, for comparison. Surface: Electric Potential (V),
Arrow: EO Flow Velocity (m/s). (b) Induced pressure variation within the channel along

its axis.
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One might wonder what the influence of gate potential on the local channel
potential is because of the current leakage for ¥, < 0 and how such an influence would
affect the flow velocity within the channel. To provide some insights on this, the EO flow
velocity and the local potential inside the channel was simulated using a commercial
finite element package, COMSOL 3.2 (COMSOL, Inc. MA) in line with our previous
work (Sun et al. 2008). The channel dimensions used were the same as those of a single
channel in the porous silicon membrane. The leakage conductivity for the 500 nm SiNy
wall was estimated to be 2.88x10™® S/m (from figure 4.8) and a conductivity value of
0.047 S/m was measured for the buffer solution using a conductivity meter (Oakton CON
11 series). These values were used respectively for the nitride channel wall and buffer
solution within the channel.

The electric potential and the EO flow velocity within the channel were calculated
using Laplace and Navier-Stokes equations respectively. We simulated the case for V, = -
45 V (the maximum negative gate bias applied in our experiment). The result as depicted
in figure 4.13 (a-top) indicates that the gate potential does not influence the local channel
potential or the EO flow velocity within the channel. To further illustrate this point one
more case was simulated wherein the nitride wall conductivity was increased by three
orders of magnitude. This result is depicted in figure 4.13 (a-bottom) and indicates how
the leakage current, and therefore the gate potential, would have affected the local
channel potential and hence the local electric field had the nitride wall conductivity been
significantly higher than that measured in our experiments. In this case since the
application of the gate potential changed the local electric field inside the channel, the EO

flow velocity would not be uniform along the channel axial direction as is seen in figure
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4.13 (a-bottom). This would cause a pressure build-up at the center of the channel, giving
rise to a pressure driven flow along the channel axis, which opposes the EO flow at the
inlet and enhances it at the outlet to maintain a mass balance. Figure 4.13 (b) shows the
induced pressure variation along the channel axis. However, the leakage current would
affect only the local flow field in figure 4.13 (a-bottom) but the overall flowrate should
still be the same for both cases. This is because no matter how the local electric field
varies, the overall external driving force to the channel in the flow direction is that
applied at the two ends, which is the same with or without the applied gate voltage. This
was confirmed through integration of the total flow velocity over the channel cross-
section. In view of the result of figure 4.13 (a-top), which indicates that the leakage
current and hence the gate bias does not influence the local flow field, hydrogen bubble
generation seems to be the more likely cause for a reduced flow velocity at V, < 0 than
the influence of gate potential on the local channel potential.

On a surprising note, a fact worthy of mention here is that all the works done on
single channel FEFC reported so far make no mention of electrolytic rectification effect
in their results. The FEFC study carried out by Schasfoort and co-workers (Schasfoort et
al. 1999) utilizes a single microchannel surrounded by a 390 nm thick SiNy wall (the
nitride thickness used in this work is 500 nm), yet their work does not indicate any signs
of current rectification through the nitride wall. Other reports on single channel FEFC
(Buch et al. 2001; Hayes and Ewing 1992; Hayes et al. 1993a, 1993b; Karnik et al. 2005;
Polson and Hayes 2000; van der Wouden et al. 2005) employ SiO; as their channel wall
material which, as this study indicates, is worse than SiNy due to its open structure and

lower resistance to ionic diffusion in the presence of an aqueous solution. A possible
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reason for these authors to ignore the electrolytic rectification effect in their study could
be the contact area of the channel wall with the metal electrode used for applying the gate
bias. In most of these reports the metal electrode makes contact with only a small portion
of the channel surface area, and therefore the leakage current measured through the
dielectric would be negligible. This is not the case for porous silicon membranes used in
this work. The SiNy layer covers the entire surface area of the porous silicon membrane.
In other words, the heavily doped silicon core used for applying the gate bias makes
contact with the entire surface area of the SiNy channel array. This translates into a higher
leakage current under cathodic bias and the multitude of channels further magnifies this

effect.

4.5 Summary

A field effect modulation of EO flow in an array of microchannels was
demonstrated for the first time. The channel array is composed of heavily doped silicon
core with 500 nm thick SiNy film conformally deposited over the surface of the entire
porous silicon membrane. The silicon core functions as the gate metal to control the EO
flow inside the microchannel array. Measurement results indicate an EO flow velocity
enhancement of approximately 15% on application of -45 V gate bias and a reduction of
nearly 70% on application of +40 V gate bias for a pH 3.6 buffer solution. This
discrepancy in enhancement-reduction of EO flow velocity has been attributed to the
electrolytic rectification effect, which is a first-time report for SiNy. The electrolytic
rectification effect causes a leakage current to flow through the nitride when silicon is

biased negatively with respect to the buffer solution, which results in hydrogen being
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evolved at the SiNy/buffer solution interface. The hydrogen then inhibits EO flow
through the porous membrane by blocking the channels. Results from this study indicate
that field effect control can be realized on a channel array for EO pumping control;
however, to increase the flowrate by applying negative gate potential, methods to prevent
current leakage through the dielectric material must be found.

This research brings to light the occurrence of electrolytic rectification in SiNy —
an effect that has been studied and documented only for SiO, so far. Though the
reasoning behind the rectification effect in SiNy is not firmly confirmed, this work opens
up an avenue for researching this dielectric material further from the standpoint of
hydrogen diffusion and electron transport through it — especially when SiNy is in contact
with an aqueous solution and under bias. This work further indicates that electrolytic
rectification effect can play a significant role in microfluidic devices and should not be

neglected in certain circumstances for future microfluidic applications.
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CHAPTER V

IONIC CONDUCTANCE OF NANOPOROUS GLASS MEMBRANES

A recent molecular dynamic (MD) simulation result has brought out an interesting
and unexpected ionic current behavior with electrolyte concentration — for a 3 nm pore
with high zeta potential, the ionic current increases linearly with concentration up to 0.9
M and begins to deviate from linear behavior beyond that. This chapter of the dissertation
will present measurements of the conductance of nanoporous glass membranes at high
electrolyte concentrations and attempt to shed light on this interesting phenomenon from
an experimental perspective. Unlike the in-house fabricated porous membranes discussed
in the past two chapters, these membranes having an average pore diameter of 4 nm were
purchased commercially. The conductance was measured with two kinds of electrolytes —
sodium chloride (NaCl) and potassium chloride (KCI). The experimental results indicate
an expected linear trend of ionic conductance with electrolyte concentrations up to 2 M,

contrary to that observed in the MD simulation study.

5.1 Materials

The porous glass membranes were purchased from a commercial vendor
(VYCOR Brand Porous Glass 7930, Corning, Inc.). The average pore diameter as
specified by the vendor was 4 nm and the membrane thickness was 500 um. Figure 5.1
depicts the microstructure of the porous glass membrane taken in a transmission electron

microscope (TEM) (Levitz et al. 1991). Two nanopores have been encircled and labeled
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in the figure. Two electrolyte compositions were used for the experiments — NaCl and

KCl, with concentrations ranging from 5 mM to 2 M.

Nano pores

Figure 5.1 (a) Optical image of the nanoporous glass membrane. (b) TEM image of the

same membrane. (Levitz et al. 1991)

5.2 Experimental Details — Setup and Procedure

The experimental setup and procedure used for these experiments were similar to
the one used earlier for EO pumping with PAA membranes and therefore it will be
described only briefly here. The setup consisted of a PDMS fluidic chamber split into two
halves by a glass slide, which had a 3.17 mm diameter hole punched into it. The porous
glass membrane was mounted onto the glass slide using transparent nail color as glue.
Two platinum electrodes were fixed permanently to the chamber, each separated from the
glass slide by 1.5 cm on either side. As before, the membrane resistance was isolated by
measuring two resistances (resistances were measured from the slopes of I-V curves) —

one without the membrane and the other with the membrane mounted in the middle of the
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chamber. Subtracting the former from the latter gave the value of the membrane
resistance and hence the conductance.

Since these experiments were performed with very high concentration
electrolytes (up to 2 M), a power source with the ability to sustain a high current was
needed, especially while carrying out resistance measurements without the membrane
mounted. For this purpose, three AD621 differential amplifiers (Analog Devices, Inc.)
were used in parallel which function as a voltage source and also set the overall system
current limit to 45 mA. The differential amplifiers were controlled by a data acquisition
card in a computer and operated through a LabWindows program (National Instruments
Corporation). A variable resistor ranging from 10 Q to 10 kQ was connected in series
with the platinum electrodes and another AD621 differential amplifier was used to
measure the voltage drop across this variable resistor and thereby calculate the system
current. The resistance between the two platinum electrodes can then be calculated using
the system current, the voltage drop across the variable resistor and the total applied
voltage.

Prior to beginning the measurement for each concentration, the porous glass
membrane was primed by placing a small amount of electrolyte of the particular
concentration to be used for testing, on one side of the membrane and agitating it over the
membrane surface. This was followed by electro-osmotic priming where the PDMS
container was filled with electrolyte solution on both sides of the membrane and a small
voltage was applied across the electrodes for approximately 30 min. The combination of
capillary filling, agitation, and priming ensures that all the channels in the porous glass

membrane are free of ionic contaminants and are filled with the testing solution. Three
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measurements were recorded for each concentration and the membrane conductance was
taken as the average value of the three readings. Figure 5.2 gives the details of the

experimental setup used for measurement of ionic conductance.

Differential
amplifiers
Three
AD621s in DAC
parallel PC
Pt electrodes ADC
PDMS —1_
container -
10 Qto 10 kQ

variable resistor

Electrolyte F’OrouTD glass
solution membrane

Figure 5.2 Experimental setup for measurements of conductance of a nanoporous glass

membrane.

5.3 Results and Discussion

The ionic conductance versus concentration plots for NaCl and KCl electrolytes
are depicted in figure 5.3 (a) and (b), respectively. As expected, the ionic conductance
begins to deviate from bulk behavior at low electrolyte concentrations — in this case at a
concentration of about 10 mM. This effect has been documented and attributed to surface
charge dominated ionic transport with overlapped EDL in nanochannels (Karnik et al.

2005; Stein et al. 2004).
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Figure 5.3 Experimental data for ionic conductance versus electrolyte concentration for
two different electrolyte compositions: (a) NaCl and (b) KCl. The black solid/dotted line
corresponds to bulk behavior. Ionic conductance above 500 mM follows a linear trend

whereas at lower concentrations the expected deviation from linearity is observed.
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At higher electrolyte concentrations (beyond 1 M), an MD simulation study
indicated an unexpected concentration dependence of ionic conductance of a 3 nm
diameter pore (Ge et al. 2009). The result, shown in figure 5.4, indicates that the ionic
current increases linearly with electrolyte concentration up to about 1 M and then
deviates from linear behavior as the electrolyte concentration further increases. This non-
linear behavior as explained by Ge et al. is associated with more counter ions in the near
wall region at high electrolyte concentrations and high surface charge densities. For a 3
nm diameter pore, this means the total number of ions in the EDL is comparable to that
outside the EDL. The highly packed counter ions in the near wall region experience
larger viscous forces, leading to a low mobility, which could justify the slower increase

rate at high electrolyte concentrations.

140 T 1 1 I
120

100
80 |
60 |
40
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o ,=-0.132 C/m?

lonic current (nA)

0 1 1 1 1
0.0 05 1.0 1.5 2.0 2.5

Electrolyte Concentration (M)

Figure 5.4 The MD simulation result of ionic current as a function of electrolyte
concentration. The current is seen to deviate from linear bulk behavior at electrolyte

concentrations above 1 M. The electrolyte composition was KCI. (Ge et al. 2009)
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The experimental data of ionic conductance at an electrolyte concentration of
above 1 M in figure 5.3 (a) and (b), however, demonstrates a linear concentration
dependence opposing the MD simulation result. There could be two likely possibilities
for this behavior

* The pore size specified by the vendor could be inaccurate or the non-uniform

pore size or large tortuosity could have unknown effects on the ionic
conductance.

* The surface charge density of the porous glass membrane could be

significantly lower than expected.
The pore size of 4 nm for the porous glass membranes as specified by the vendor is an
average value and therefore a very likely possibility is that pores with a diameter larger
than 4 nm could dominate the ion transport through the membrane. For example, ionic
current through a 10 nm diameter pore will be 25 times that of a 2 nm diameter pore. The
ionic conductance in such a membrane at high electrolyte concentrations might then be
significantly influenced by the several larger diameter pores. The deviation from linear
behavior, as stated by Ge et al., is truly a nano scale phenomenon requiring that the total
number of ions in the EDL be comparable to that outside the EDL. Therefore, for
nanochannels of the size on the order of 10 nm, a linear trend as seen in figure 5.3 (a) and
(b) will be observed. This however is not true according to Thomas Elmer, a former
employee of Corning Inc. He published an article in the Engineered Materials Handbook
on porous and reconstructed glasses wherein he studied the pore size distribution in these
membranes and concluded that the distribution is generally very narrow with about 96%

of the pores falling within £ 0.3 nm from the average radius (Elmer 1992). Figure 5.5
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shows the pore size distribution of porous glass membrane having an average pore
diameter of 4 nm. However, without the ability to carefully characterize the porous
material to obtain the average pore size and uniformity, we cannot totally rule out this

possibility at the moment.
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Figure 5.5 Pore size distribution of a porous glass membrane with an average pore

diameter of 4 nm. (Elmer 1992)

Another possibility for the observed linear behavior is that the surface charge
density of the nanoporous membrane is much lower than that in the simulation (the
lowest one is 0.06 C/m”). To get an estimate of surface charge density for the porous
glass membranes, their zeta potential was calculated with each of the two electrolytes at a
concentration of 100 mM. To achieve this, an EO pumping experiment was conducted,
the procedure for which was identical to that followed for the PAA membranes in

Chapter IIT and hence will not be discussed in detail here. A flowrate of 1.4 x 10” ml/min
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and 2.4 x 10~ ml/min for NaCl and KCI, respectively was measured for an electric field
of 0.02 V/um across the membrane. Making use of equation (3.2) and inserting the
flowrate values in it the zeta potential of the membranes can be calculated. The porosity
of the membranes was determined experimentally from the wet and dry weights, wt,,., and

Wl4ry, of the membrane and using the equation (Zeng et al. 2001)

wt, ., —Wt dry

% =T, (5.1)

where p is the density of water. The porosity was measured to be around 25% using this
method, which was close to the value of 28% specified by the vendor. The tortuosity of
the pores was calculated using the Slawinski equation, which is given as (Slawinski
1926)

1

T 03219203219 )

(5.2)

The tortuosity was estimated to be about 65% indicating that the pores in the porous glass
membrane are not perfectly parallel to each other as in the PAA membranes [Here
tortuosity is defined as (L/L.)] . Using these numbers and a value of 0.4 for fin equation
(3.2) to account for the EDL thickness effects within a nanochannel (Yao and Santiago
2003), the zeta potential value for the porous glass membrane was measured to be around
-3.25 mV and -5.57 mV for NaCl and KCI respectively. These values are far below the
zeta potential of glass which is on the order of -100 mV. The equivalent surface charge
density can be evaluated using the Gouy equation, which relates the surface charge

density to the zeta potential, and is given as (Nollet 2004)
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o = Jc Sinh [Ze; ] , (5.3)

where

A= 4
V8N ,e€ kT~ (>4)

Here N, is the Avogadro’s number, £ is the Boltzmann’s constant, 7 is the temperature in
Kelvin, C is the solution concentration, z is the ion valence, e is the elementary unit
charge and o is the surface charge density. The respective surface charge density values
for NaCl and KCl solutions then come out to be -2.34 x 107 C/m” and -4.01 x 10° C/m”.
These values are very low for glass whose surface charge density is about 0.1 C/m’. It
should be noted here that the two electrolytes used for this experiment were not buffered
solutions and therefore the pH of these solutions will not stay constant on application of a
bias during pumping. Since the zeta potential is a strong function of solution pH, it will
therefore fluctuate during pumping and hence the values calculated above are not precise
and contain a certain amount of uncertainty in them. The extremely low values, however,
do indicate that the zeta potential and hence the surface charge density of the porous glass
membranes is on the lower side than should be expected. A very possible reason for this
could be the fact that these membranes have been used as organic getters, which means
that they have a strong tendency to adsorb organic molecules from the atmosphere (Elmer
1992). Such adsorption would render the pore surface to exhibit a lower surface charge
density, contrary to the assumption made in the MD simulation study for the 3 nm pore
and thus explaining the linear trend of ionic conductance obtained in figure 5.3 (a) and

(b) above 1 M electrolyte concentration.
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5.4 Summary

In summary this chapter lays focus on ionic conductance measurements of
nanoporous glass membranes at high electrolyte concentrations, motivated by a recent
MD simulation disclosing some novel non-linear ion transport phenomena in nanometer
scale pores at high electrolyte concentrations. The membranes have an average pore
diameter of 4 nm. Though these measurements were conducted for a concentration range
of 5 mM to 2 M, the conductance values at higher electrolyte concentrations — above 1 M
were of particular interest to compare with the MD simulation results. The experimental
data however indicated no such trend of non-linear conductance between 1 M and 2 M
electrolyte concentration. Based on measurements of EO pumping flowrate, a theoretical
analysis revealed a low surface charge density for the porous glass membrane, most
likely due to adsorption of organic molecules over its surface, which could be the reason

for the observed linear concentration dependence.

111



CHAPTER VI

CONCLUSIONS AND FUTURE WORK

This dissertation presents experimental characterization of electro-osmostic
pumping using novel micro- and nanoporous materials and field effect flow control on
them. In addition, ionic transport through these novel micro- and nanoporous materials
have been measured and discussed. Three different porous membranes, SiO,-coated
porous alumina membranes, SiNx-coated porous silicon membranes, and nanoporous
glass membranes, were implemented and tested. Following are the concluding remarks
and future work directions for the research carried out on each of the three membranes.

A nano structured, SiO,-coated PAA membrane has been successfully fabricated
utilizing the electrochemical anodization technique and sol-gel conformal coating.
Furthermore it was demonstrated that this membrane could be used for EO pumping to
achieve record-high flowrates — much greater than those reported in literature, at a low
effective applied voltage across the membrane. This can be attributed to the dense array
of highly ordered parallel nanopores of the PAA membrane resulting in a high porosity
and a tortuosity of unity. The pump performance was characterized experimentally on the
basis of flowrate with the maximum normalized flowrate of 0.125 ml/min/V/cm® based
on the effective voltage for a 2.5 mM buffer solution. Although it is comparable to that
reported for the porous silicon EO pump, the low operation voltage and cost-effective
fabrication makes the SiO,-coated PAA membrane more attractive for EO pumping

applications. These membranes hold a significant promise for the future and subsequent
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work should be directed towards developing a complete microelectronic cooling system
incorporating these membranes.

At low concentration buffer solutions, double layer effects were observed to
influence the EO flowrate. A decrease in the flowrate was observed at these
concentrations due to the comparable double layer thickness and the channel diameter,
resulting in a change in the velocity profile within the nanopore. Furthermore at these low
concentrations the ionic conductance through these nanopores deviates from its bulk
value, because of overlapped EDLs. Additionally uncoated PAA membranes were tested
for EO pumping. The pumping flowrate was found to be lower than that of the SiO»-
coated membranes. More interestingly, an unusual trend was observed for buffer
concentrations < 2.5 mM and an effective applied field > 0.03 V/um. The flowrate does
not follow the expected linear trend, but follows a non-monotonic increase-decrease
profile as the electric field increases, which cannot be explained with the current
available information.

Field effect flow control on a porous membrane has been demonstrated with a
laboratory-fabricated SiNy coated porous silicon membrane. A heavily doped silicon
within the membrane core functioned as the gate electrode, analogous to a MOSFET,
whereas SiNy conformally deposited over the entire membrane carried out the function of
the gate dielectric. An enhancement of EO flow velocity by approximately 15% was
observed on the application of -45 V gate bias for a pH 3.6 buffer solution. On reversing
the polarity of gate bias to +40 V, a 70% reduction was noted for the same buffer
solution. This discrepancy in enhancement-reduction of EO flow velocity has been

attributed to electrolytic rectification effect. Whilst electrolytic rectification has been
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studied and documented for SiO, based EIS systems, this work brings forth the
occurrence of this effect in a SiNy based EIS system for the first time. As a consequence,
the rectification effect causes a leakage current to flow through the insulating SiNy
channel wall when the silicon is biased negative with respect to the buffer solution
whereas no leakage current was observed on reversing the bias polarity. The leakage
current results in hydrogen being evolved at the SiN,/buffer solution interface, which is
responsible for the reduced gating effects under negative gate bias.

Although the expected increase in EO flow velocity through field effect was not
highlighted in this work, this research brings to light the occurrence of electrolytic
rectification in SiNy. Though the reasoning behind the rectification effect in SiNy is not
fully confirmed, this work opens up an avenue for researching this dielectric material
further from the standpoint of hydrogen diffusion and electron transport through it —
especially when SiNy is in contact with an aqueous solution and under bias. Therefore,
future efforts should be put in this direction. Subsequent efforts should also be put in
determining the energy level of the hydrogen impurity band that this dissertation hints at
being present within the nitride film.

The last section of the dissertation presents the experimental work done on a
nanoporous glass membrane to study the ionic conductance of nanochannels at high
electrolyte concentrations. The porous membranes in this instance were purchased
commercially. This study was stimulated from an MD simulation highlighting a novel
effect wherein the ionic current through a 3 nm diameter nanopore with a high surface
charge density was observed to deviate from linear behavior at high electrolyte

concentrations (> 1 M). The nanoporous glass membranes with an average pore diameter
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of 4 nm seemed an ideal choice for proving this effect experimentally since the
conductance values were much higher in this case than single nanochannels/pores and
therefore less error prone. However the results indicated a linear trend of ionic
conductance at electrolyte concentrations between 1 M and 2 M for both NaCl and KCl
electrolyte solutions. A theoretical analysis based on EO pumping measurements
indicated that the zeta potential of the porous glass membranes could be much lower than
that expected for a glass surface, which translates into a very low surface charge density
for these membranes. This has been attributed to the fact that these membranes function
as organic getters and have a tendency to adsorb organic molecules from the atmosphere,

which most likely reduces the surface charge density of these membranes.
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