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Abstract

Membranes made of an ultrathin porous nanocrystalline silicon (pnc-Si) film are
well suited for many applications due to their key attributes, including thinness (15-
30 nm), pore diameters (5-80 nm) and porosity (0.5-15 %). This thesis in an investi-
gation into the unique properties of pnc-Si material in the context of gas transport,
sensing and nanofluidics. The first part of the thesis investigates the flow properties of
the material, and shows that membranes based on pnc-Si exhibit gas permeances that
are several orders of magnitude higher than in other similar membranes. The compo-
nents of the flow due to ballistic transport and transport after collision with the pore
walls are quantified as a function of pore diameter. In addition, we demonstrate that
changing the pore interior from silicon to carbon leads to flow enhancement resulting
from a change in the nature of the molecule-pore wall interactions. Integrating the
pnc-Si material into nanoscale devices is considered next. A novel approach to the
fabrication of a capacitive sensor for organic vapor detection using a pnc-Si membrane

metallized with gold as a porous electrode is presented. We show that the ultrathin
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nature of the pnc-Si allows for fast analyte vapor permeation to the receptor ma-
terial. Finally, we describe a technique for effectively depositing gold electrodes on
different sides of the membrane that is used to fabricate an ultrathin electroosmotic
pump. These metallized pumps are shown to achieve significantly higher flow rates
compared to bare pnc-Si membranes when low voltages are applied directly across

the membrane.
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Chapter 1

Background and Introduction

1.1 Introduction to Membrane Technology

Membrane structures appear throughout nature, and come in many different
shapes and sizes. Cells and intracellular components, for example, are surrounded by
highly selective plasma membranes that protect them from the outside environment,
and provide means of communication by exchanging molecules and ions through chan-
nels in the membrane. Attempts to understand the mechanisms that control transport
and separation of species in the cellular membranes have led to the development of new
nanoscale devices and applications that aim to mimic these processes. Implementing
such processes, including forms of selective transport, molecular or ion exchange, and
fluid flow control, requires having an effective artificial porous membrane that can
be crafted for these purposes. It is for this reason that membrane technology and

theory is essential for fields as diverse as general science, medicine, engineering and



industrial domains, which rely on this technology.

By definition, a membrane is a physical barrier that separates two fluid volumes
and selectively controls the transport of molecules between them. The primary per-
formance goals of the porous membrane include achieving high rates of mass transport
with low energy input, selectivity over molecular species in a mix, mechanical and
chemical stability, and biocompatibility. The membrane properties that lead to bet-
ter performance are high porosity, small thickness, controlled pore morphology and
surface properties. A schematic diagram of the key membrane characteristics and
their influence on membrane performance are summarized in Figure 1.1 [1].

Porous membranes are classified by the material they are made of (biological,
organic, inorganic), their structure morphology (sponge- or seive-like structures), and

pore size. Membranes are divided into the following groups by the average pore
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Figure 1.1: A diagram of the membrane characteristics that influence on the perfor-
mance [1].
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Figure 1.2: Membrane classification based on the pore size: molecular sieves, nanofil-
tration, ultrafiltration, microfiltration membranes.

diameter: microfiltration membranes (with pore diameter d > 50 nm); ultrafiltration
membranes (5 nm < d < 50 nm); nanofiltration membranes (1 nm < d < 5 nm); and
molecular sieves (d <1 nm) [2]. Figure 1.2 presents this classification and the use of
different membranes for the separation of particles and molecules of different sizes.
Most of the porous membranes have a sponge-like structure, for example, poly-
meric membranes fabricated using a phase-inversion technique [2]. Such geometry
adds additional resistance to the flow and increases fouling of the material inside the
membrane. Another class of membranes that has a straight and uniform pore struc-
ture is known as sieve-like membranes. Sieve-like membranes include commercially
available polycarbonate track-etched membranes [3] and anodic alumina membranes
[4], carbon nanotube based membranes [5], and microfabricated ultrathin membranes

6, 7).



Figure 1.3: Comparison of sponge- and sieve-like porous membrane geometries: a)
conventional sponge-like polymeric membrane has significant resistance to fluid flow;
b) ultrathin sieve-like porous nanocrystalline silicon (pnc-Si) membrane has almost
no resistance to the flow [8, 9].

Membrane technology is a rapidly emerging interdisciplinary field that has inher-
ited many techniques from semiconductor manufacturing, materials science, chemistry
and engineering. Using semiconductor processing techniques allows for the fabrica-
tion of ultrathin nanoseive membranes with very little resistance to the flow since
the permeation rate through the membrane is inversely proportional to its thick-
ness. The ultrathin nanosieve membrane is compared to the sponge-like membrane
in Figure 1.3 [8, 9].

Porous membranes have a broad range of applications. Nanoengineered porous
membranes are found in lab-on-chip devices, separations/filtrations, nanoelectrome-
chanical and nanofluidic systems applications [5, 6, 10, 11], including bio- and chemi-

cal sensors [12, 13], electrochemical pumps [14, 15], nanofluidic transistors [16], single



molecule detection [17, 18], DNA sequencing [19], nanoparticle arrays fabrication [20],
protein purification and separation [21], blood filtration in dialysis [22, 23, 24], water

purification and desalination, and gas separations [2, 25].

1.2 Porous Membranes Fabrication Techniques

The most popular types of sieve membranes are track-etched (TE) and anodic
aluminum oxide (AAQO) membranes, both of which are commercially available. TE
membrane fabrication consists of two steps. First, a dense polymer film is irradiated
with high-energy ions. The ions pass through the film, leaving behind tracks of
damaged polymer chains. A chemical etch then removes the polymer along the tracks,
forming through pores. The exposure time of the membrane to the ion bombardment
determines the number of pores, and the etch duration controls the size of the pores.

Heavy ions such as argon or xenon are used to track polymer films. Polycarbonate,

Figure 1.4: SEM image of polyethylene terephthalate track-etched membrane [25].
Scale bar is 20 ym



polyester or polyethylene terephthalate are used as base polymer materials [2, 25, 26].

TE membranes have a narrow pore size distribution, and typically are 10 to 100 pm
thick with pore sizes from 10 nm to tens of microns, as shown in Figure 1.4 [25].
Although these membranes are widely used and commercially available [3, 27], they
have several disadvantages including having low chemical and thermal stability. For
example, they can withstand temperatures only up to 150°C. In addition, in order
to minimize pore overlapping, which happens when the ion tracks are too close to
each other as can be seen in Figure 1.4, the membranes are made with low porosities
ranging from 5 to 10 %.

Recently, a TE membrane fabrication technique was used to make pores in silicon
nitride membranes. Bismuth ions at an energy of 710 MeV and 170 MeV xenon ions
were used to irradiate silicon nitride film due to its high radiation resistance. The
resulting freestanding membrane is 200-300 nm thick with pore diameters 3-20 nm
26, 28].

The pores in an anodized aluminum oxide Al;O3 (AAO) membrane are formed by
anodizing aluminum in acidic solutions. The cylindrical pores in the AAO membrane
self-organize into a highly ordered uniform array that has a honeycomb structure
shown in Figure 1.5 [4]. Solutions of sulfuric (HySO,), phosphoric (H3PO,) or oxalic
acid (HyC304) are used for anodization [29]. The pore dimensions are defined by such

anodization conditions as voltage, time, electrolyte concentration and temperature [4].



Figure 1.5: SEM images of AAO membrane surface (a, b) and cross section (c, d).
Scale bars: a) 1 pm; b) 200 nm; ¢) 50 pm; d) 2 pm [4].

AAO membrane porosity can reach up to 50 %, pore diameters range from 20 to 200
nanometers, and the typical membrane thickness is 60 pum [2, 27]. Unlike polymeric
TE membranes, AAO membranes have good chemical and temperature stability, but
they are brittle which limits their use in many applications.

The thickness of AAO membranes is an important limitation for achieving high
permeability rates. Recently, AAO membranes with thickness 0.7-1.0 gm and nar-
row pore distribution 20-30 nm have been fabricated by depositing and anodizing
aluminum on top of the silicon wafer, followed by the removal of silicon [30].

Carbon nanotube (CNT) membranes are a recently developed type of sieve mem-
brane in which carbon nanotubes serve as pores [33]. CNT membranes are fabricated

either by inserting CNTs into a polymeric or silicon nitride matrix [5, 31, 34], or by
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Figure 1.6: Cross-sectional SEM images of CNT membranes fabricated by inserting
CNTs into a polymeric (a) [5] or silicon nitride matrix (b) [31], and by collapsing
vertically grown CNT arrays into dense membranes by capillary forces due to solvent
evaporation (c) [32]. Scale bar in (a) is 2.5 pm.

collapsing vertically grown CNT arrays into dense membranes by capillary forces due
to solvent evaporation [32] as shown in Figure 1.6. Their thicknesses range from a few
microns to a few hundred microns. CNT membranes have improved gas and water
transport properties due to low surface friction [11].

A number of current semiconductor manufacturing techniques including thin film
deposition, photolithography and etching techniques are used to create freestanding
ultrathin nanoseive membranes with uniform cylindrical pores from various materials.
Nanometer-size pores can be created one by one in ultrathin silicon or silicon nitride
films by focused ion beam (FIB) drilling [6], electron beam (e-beam) lithography fol-
lowed by reactive ion etching (RIE), or e-beam drilling in a transmission electron
mocroscope (TEM) [35, 36]. Tong et al. reported a 10 nm thick silicon nitride mem-
brane with 25 nm diameter pores prepared by FIB drilling [6]. Laser interference
lithography (LIL) is used as the technique to create a nanopore pattern in silicon

nitride film [7]. SEM images of the membranes fabricated using FIB and LIL are
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Figure 1.7: SEM images of sieve-like silicon nitride membranes fabricated using: a)
focused ion beam drilling (scale bar is 50 nm) [6]; b) laser interference lithography
(scale bar is 200 nm) [7].

shown in Figure 1.7 [6, 7]. Although porous membranes fabricated using these tech-
niques possess many beneficial properties such as controlled porosity, narrow pore size
distribution, repeatability and easy integration into lab-on-chip devices, they cannot
be easily scaled up for mass fabrication due to time consuming processing steps and

high costs.

1.3 Porous Nanocrystalline Silicon Membrane

Porous nanocrystalline silicon (pnc-Si) is a novel membrane material in which
nanopores are produced by crystallizing a thin amorphous silicon film at a high
temperature [9]. This is a bottom-up approach, which is distinct from other thin
nanoengineered membranes where pores are formed using conventional lithographic
techniques. Pnc-Si membranes satisfy all of the requirements necessary for good

performance since they have high porosity, narrow pore size distribution and small
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Si wafer

Figure 1.8: a) SEM image of the surface of 15 nm thick porous nanocrystalline sil-
icon membrane; b) SEM image of the pnc-Si cross section imaged on the surface of
metallized silicon wafer reveals cylindrical nature of the pores.

thickness. Pnc-Si membranes typically are 15-30 nm thick with pore diameters rang-
ing from 5 to 80 nm and porosity from 0.1 to 15 %. They have been shown to exhibit
hydraulic permeability orders of magnitude higher than existing similar membranes
[37], and have demonstrated precise separations of nanoparticles and proteins [37, 38].
They have also been successfully used for chemical sensing [12, 39] and as cell culture
substrates [40]. SEM images of a 15 nm thick pne-Si surface and cross section are
shown in Figure 1.8 [41]. The use of semiconductor manufacturing techniques for

membrane fabrication allows for easy scalability.
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1.4 Thesis Outline

This thesis is organized as follows. In Chapter 2, the details of porous nanocrys-
talline silicon (pnc-Si) membrane fabrication, surface modification techniques includ-
ing carbonization and metalization, and methods used for characterizing the pnc-Si
membrane and devices based on it are discussed. In Chapter 3, the physical dimen-
sions of the molecularly thin pnc-Si membranes, and their dependence on the man-
ufacturing parameters, are exploited to observe the components of gas flow through
ultrathin nanopores and their dependence on the pore surface. The performance of
the pnc-Si membrane is investigated and found to be several orders of magnitude
higher that other membranes. The thinness and high permeation rates of these mem-
branes are advantageous for many applications, including sensing and nanofluidics.
Pnc-Si membranes metallized with gold are used as flexible conductive electrodes in
a chemical capacitive vapor sensor for solvent vapor detection as discussed in Chap-
ter 4. The mechanical stability and elasticity of the pnc-Si are experimentally tested.
Optical and electrical techniques are used to characterize the sensor. In Chapter 5 a
novel technique for depositing electrically isolated electrodes on the pnc-Si membrane
is developed, and used for a low voltage electroosmotic pump fabrication. Conclusions

and comments on future research are presented in Chapter 6.
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Chapter 2

Fabrication and Characterization

of Porous Nanocrystalline Silicon
Membrane (Pnc-Si)

This chapter focuses on the fabrication and characterization of the porous nanocrys-
talline silicon membrane. Semiconductor fabrication techniques used for membrane
manufacturing including photolithography, sputtering, annealing and wet chemical
etching are described in Section 2.1. The relation between the membrane’s pore mor-
phology and fabrication parameters are described in Section 2.2. Surface modification
techniques including carbonization and metallization are described in Sections 2.3 and
2.4. In Section 2.5 the methods used for characterizing the membrane and membrane-

based devices are summarized. The chapter is concluded in Section 2.6.
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2.1 Pnc-Si Membrane Fabrication

Porous nanocrystalline silicon (pnc-Si) membranes that are fabricated using stan-
dard semiconductor processing techniques are typically 15 or 30 nm thick with pore
diameters ranging from 5 to 80 nm and porosities ranging from 0.1 to 15 %. Sil-
icon wafers used for pnc-Si fabrication have the following characteristics: a 4-inch
diameter, 200 pum thickness, < 100 > orientation, and are double-polished and n-
type doped. The steps in the pnc-Si fabrication process are schematically outlined in

Figure 2.1 [9, 42] and further described in the following subsections.

500 nm thermal oxide

oxlde mask
(100) Si wafer
3-layer oxide/a-Sifoxide film stack
Rapid thermal
anneal

IEDF’ etching pnc-Si membrane

Remove oxide l
D oDoDoDEDo@E @
-————

masks
Figure 2.1: Porous nanocrystalline silicon membrane fabrication steps [9].
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2.1.1 Photolithography

Photolithography is used to define the active area and the shape of the pnc-Si
membrane chip by providing a patterned silicon dioxide (SiO5) mask on the backside
of the silicon wafer. This single photolithographic step consists of several subproce-
dures, including wafer cleaning, oxide deposition, photoresisit application, exposure
and developing, oxide etching and photoresist removal.

Since photolithography is sensitive to contamination, a silicon wafer is first cleaned
using a standard RCA clean. RCA clean consists of a series of aqueous chemical baths
(standard cleans SC-1 and SC-2) in which the silicon wafer is immersed for short pe-
riods of time. The SC-1 clean is a 15:1:3 mixture of deionized water/ ammonium
hydroxide (NH4OH)/ hydrogen peroxide (H2O2) at 75°C in which the wafer is im-
mersed for 10 minutes. SC-1 chemistry removes organic contaminants and surface
impurities. A brief 20 second dip in 50:1 aqueous solution of hydrofluoric acid (HF)
is used after the SC-1 step for native silicon oxide layer removal. The second stage
of the RCA clean SC-2 (10 minutes soak in 15:1:3 mixture of deionized water/ hy-
drochloric acid (HCI)/H0, heated at 75°C) removes metal contaminants [43].

Following the RCA clean, a 100 nm thick dry thermal oxide is grown on both sides
of the wafer in a tube furnace. The oxide layer on the backside of the wafer is then
patterned using standard photolithographic techniques. First, hexamethyldisilazane

(HDMS) and positive photoresist (Shipley 1813) layers are spun and baked on the
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backside of the oxidized wafer. HDMS is used to promote better photoresist adhesion
to the wafer. Subsequently, the photoresist is exposed to UV light through a patterned
transparency mask and developed. The pattern in the SiO, layer is etched and the
front oxide is removed during the same step using a 1:10 aqueous HF solution. Finally,

the photoresist is removed and the wafer is RCA cleaned again.

2.1.2 RF Magnetron Sputtering

Thin films for pnc-Si membrane formation are deposited on a pre-patterned sil-
icon wafer using RF magnetron sputtering. Sputtering is a type of physical vapor

deposition (PVD), which is best suited for thin film deposition since it has better

I+

Anode

Water cooling

Figure 2.2: Schematic of the sputtering process [44].
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film uniformity, lower deposition temperature, and allows co-sputtering from differ-
ent targets.

The sputtering process starts by bombarding the target containing the material to
be deposited with high energy gas ions accelerated in the electric field. An inert gas,
such as argon, is introduced inside the vacuum chamber and used for plasma forma-
tion. After the collision with argon ions, atoms near the surface of the target become
volatile, and are deposited on the substrate located near the target. The thickness of
the film depends on the sputtering time. RF power supply is used when sputtering
the insulators and semiconductors to prevent charge build-up. The magnetic field in
the target area confines the plasma near the target to increase the probability of gas

ionization and decrease the possibility of thin film damage [45]. The basic schematic

Figure 2.3: AJA International ATC-2000-V RF magnetron sputtering tool.
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of the sputtering process is illustrated in Figure 2.2.

An AJA International ATC-2000-V RF magnetron sputtering tool (Figure 2.3) is
used to deposit a three layer film stack that forms the base of the pnc-Si membrane.
The structure deposited on the front surface of the patterned silicon wafer consists
of three layers (20 nm SiO5/15-30 nm amorphous Si/20 nm SiO,). Both protective
oxide and amorphous silicon layer thicknesses influence the pnc-Si pore morphology,

and this is later described in Section 2.2.

2.1.3 Rapid Thermal Annealing

The three layer film stack deposited in the previous step (SiO2/a-Si/SiOj) is
treated at high temperature in a rapid thermal processing (RTP) chamber to in-
duce amorphous silicon crystallization. The voids in the silicon film formed due to
silicon phase transformation during annealing later become the open pores in the
membrane. RTP annealing results in porous nanocrystalline silicon (pnc-Si) material
formation.

A Surface Science Integration Solaris 150 rapid thermal processor (RTP) is used
for annealing. RTP temperatures range from 700 to 1100°C. The final annealing
temperature greatly influences the pnc-Si pore formation. Pores start to form in
15 nm a-Si film when annealed at approximately 700 — 750 °C. Annealing at higher

temperatures (900 — 1100 °C) yields higher pore densities [42]. Transmission Electron
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Figure 2.4: TEM images of as-deposited 15 nm thick amorphous silicon (a) and
RTP treated 15 nm a-Si (pnc-Si) (b). The a-Si film (a) has no voids and crystalline
features. In pnc-Si (b) the circular white areas are open pores, the surrounding areas
correspond to nanocrystalline silicon and nanocrystals.

Microscopy (TEM) images of the as-deposited amorphous (a-Si) and RTP annealed
a-Si are compared in Figure 2.4. The amorphous film has no voids or crystalline
features in it (Figure 2.4(a)). In the pnc-Si TEM image (Figure 2.4(b)) the circular
white areas are the open pores in the membrane, and the surrounding areas correspond

to nanocrystalline silicon and nanocrystals.

2.1.4 Chemical Etching

After high temperature annealing, the patterned wafer backside is etched in an
anisotropic etchant. The most commonly used anisotropic etchants are KOH (potas-
sium hydroxide) and EDP (ethylenediamine pyrocatechol). EDP is a mixture of

ethylene diamine (NH,(CH,),NH,), pyrocatechol(C4H,(OH),) and water. The main
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Figure 2.5: Pnc-Si chips of different shapes with different pnc-Si membrane geome-
tries: a) pnc-Si chips on a 4-inch silicon wafer; b) round pne-Si chip with two mem-
brane slits; ¢) square chips with five pnc-Si membrane slits.

disadvantage of the KOH etch is that its 400:1 etching selectivity between Si and
Si04 does not allow SiOs to be used as a masking layer in many applications. KOH
etches SiO, at a rate of 1.4-3 nm/min. In contrast, the ratio of etch rates in EDP
for Si and SiOs is approximately 5000:1, corresponding to Si and SiO, etch rates of
1 pm/min and 0.2 nm/min [46]. Therefore the EDP etch is preferred over KOH for
pnc-Si backside etching, since SiO, layers are used as a mask for backside etch and
as an etch stop in pnec-Si fabrication. EDP removes silicon along the (111) crystal
planes until the first SiO, layer of the film stack is reached, creating a freestanding
structure on silicon support.

Lastly, the three layer membrane is exposed to a buffered oxide etchant (BOE) to
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remove the protective SiO, layers, leaving only the freely suspended ultrathin pnec-
Si membrane. The fabricated pnc-Si membrane chips of different shapes and with

different membrane geometries are depicted in Figure 2.5.

2.2 Pnc-Si Membrane Pore Morphology

Fabrication parameters such as annealing conditions, silicon layer thickness and
the application of the substrate bias during sputtering affect the membrane’s pore
morphology, density and size. By changing the annealing temperature from 700°C
to 1000 °C, the average pore diameter changes from 9.4 to 22.2 nm and the porosity
from 0.5 to 6.6 %. A typical ramp rate of the annealing temerature used for pnc-Si
fabrication is 50 — 100°C/s, and lower ramp rates result in irregularly shaped pores

and wider pore size distributions [9, 42].

Figure 2.6: Bright filed TEM images of 15 nm (a) and 30 nm thick (b) pnc-Si mem-
branes.
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Increasing the thickness of the silicon layer leads to significant increase in pore
sizes. TEM images of 15 nm and 30 nm thick pnc-Si membranes fabricated at similar

conditions are shown in Figure 2.6.

2.3 Carbonization

Carbonization of porous template materials is typically done using chemical vapor
deposition (CVD) [47, 48, 49, 50]. CVD is a process in which a solid film is formed
from a gaseous phase by a chemical reaction, and is used to deposit a wide range
of materials. During the CVD process, a porous substrate is placed in a furnace
with hydrocarbon gas (propylene, ethylene, pyrene, acetylene) flowing through it.
The thermal decomposition (pyrolysis) of hydrocarbon gas leads to a carbon film

growth on the substrate surface. Carbon films synthesized using CVD are partially

Figure 2.7: TEM images of pnc-Si membrane before and after rapid thermal car-
bonization in acetylene at 700 °C for 5 minutes.
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Figure 2.8: High resolution TEM image of the carbon coated pore in carbonized
pnc-Si membrane.

amorphous [49]. Annealing at high temperatures was reported to improve the ordering
of the carbon walls [48, 51].

Rapid thermal carbonization is used for depositing carbon on pnc-Si membranes
[52, 53]. Carbonization is carried out in a rapid thermal processor described in Sec-
tion 2.1.3. During carbonization the pnc-Si membranes are placed inside a graphite
susceptor coated with silicon carbide (SiC). Acetylene (CoHy) is introduced into the
RTP chamber using mass flow controllers for 5 minutes at 700°C. Argon flush is
performed for 5 minutes before and after every carbonization run to remove residual
gases from the chamber. The thickness of the carbon layer depends on carbonization
temperature and duration. TEM images of the same pnc-Si membrane before and

after carbonization are illustrated in Figure 2.7. Carbonization creates a conformal
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carbon layer on both sides of the membrane as well as inside the pores. The carbon

ring coating pnc-Si pore is shown in high resolution TEM image in Figure 2.8.

2.4 E-beam Metallization

The evaporation is a physical vapor deposition (PVD) method for thin film de-
position in a vacuum. During this process, the source material is heated up until
it evaporates or sublimes. Evaporation is achieved by resistance heating or electron
beam (e-beam) bombardment heating. E-beam heating is preferred in most cases to

prevent contamination from the evaporation of the filament material and to increase

Figure 2.9: CHA e-beam evaporation tool.
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a)

Figure 2.10: TEM micrograph of the 30 nm thick pnc-Si membrane coated on one
side (a) and both sides (b) with 15 nm Au/Ti film.

deposition rates. A high current is passed through a wire filament that heats it up
to high temperatures and causes a stream of electrons to be emitted from the surface
of the filament. The emitted electron beam is directed by a strong magnetic field
towards the surface of the evaporation material and is accelerated to high kinetic
energies by acceleration voltages on the order of 10 kV. When the beam of electrons
hits the surface of the evaporation material contained in a water-cooled crucible, the
material melts and vaporizes by produced thermal energy. The vapor is then trans-
ferred from the source to the substrate where it condenses and forms a thin film. The
main disadvantage of the e-beam evaporation is that it can cause radiation damage
to the devices built on the silicon wafer.

The metallization of the pnc-Si membranes with gold (Au) is performed by e-beam
evaporation in a CHA e-beam evaporator (Figure 2.9) at base pressures of 1075 —1077
torr. The tool has multiple sockets available for crucibles so that the sequential

evaporation of different materials can be performed. Since poor gold adhesion to
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silicon requires an adhesion layer, a 3-10 nm layer of titanium (Ti) is deposited first
[54]. The 10-15 nm gold layer is deposited next in the same run without breaking the
vacuum to prevent Ti layer oxidation. The deposition rates of Au and Ti are 0.5-1 A /s
and 1-4 A/ s, respectively. Deposition rates and film thicknesses are measured by a
frequency shift of a quartz crystal microbalance placed inside the chamber during
evaporation. Gold films are used in this work to reduce contact resistance problems,
caused by the oxidation of other materials at these thicknesses.

The TEM micrographs of a 30 nm thick pnc-Si membrane coated on one side with
a 15 nm thick Au/Ti bilayer, and a pnc-Si membrane metallized on both sides are
illustrated in Figure 2.10. The total thickness of the membrane metallized on both
sides is approximately 60 nm. The pores are not occluded after the metallization. The

metallization influence on the pore size distribution is further discussed in Chapter 4.

2.5 Characterization of Pnc-Si Membrane

Such membrane characteristics as porosity, pore geometry and pore size are of chief
concern when studying porous materials. The use of transmission electron microscopy
(TEM) for pore characterization in pnc-Si membranes is possible due to their thinness
(Section 2.5.1). Other methods used to characterize the structure of pnc-Si and
pnc-Si based devices are Scanning Electron Microscopy (Section 2.5.2) and Optical

Profilometry (Section 2.5.3). A custom image processing technique used to extract
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the pore size distributions from TEM images is reviewed in Section 2.5.4.

2.5.1 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is an important tool for studying mate-
rial properties, and is performed by sending a beam of electrons through an ultrathin
material in order to form an image. TEM directly captures the crystal structure and
defects of the material. The as-prepared and modified pnc-Si membranes are ana-
lyzed using a Hitachi 7650 Transmission Electron Microscope at 80 keV (Figure 2.7).
The high resolution images of carbonized pnc-Si are taken using a FEI Tecnai F20
TEM (Figure 2.8). The bright field TEM mode is used to obtain images. The nearly
circular white areas in TEM images are the open pores. Silicon nanocrystals in
the images have different brightness as they differ in crystallographic orientation and
thus diffract the incoming electron beam differently. Darker nanocrystals have crystal

plane alignment satisfying the Bragg condition [55].

2.5.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is another electron microscopy technique
that is used to obtain information about the pnc-Si membrane structure. Images of
both the membrane surface and the cross sections are analyzed. SEM captures the

material surface by scanning it with a high-energy beam of electrons. The microscope
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Figure 2.11: SEM micrographs of pnc-Si membrane surface next to the broken edge

(a) and the cross section of the pnc-Si membrane used to determine membrane thick-
ness (b).

used to image pnc-Si membranes is a Zeiss Supra 40VP. SEM images reveal open pores
and surface nonuniformities (Figure 2.11(a)). We use SEM to observe the pore wall
morphology from the rim of a cracked membrane.

Cross-sectional SEM (CS-SEM) micrographs of the pnc-Si membrane in Fig-
ures 1.8(b) and 2.11(b) reveal the uniform cylindrical structure of the pore walls [41].
The pnc-Si cross section is realized by breaking the freestanding pnc-Si membrane out
of the supporting chip on the metallized silicon wafer surface. The ultrathin mem-
brane adheres strongly to the wafer surface, so cleaving the wafer fractures the pnc-Si
membrane. The metallized surface is used to reduce pnc-Si charging during imaging.
CS-SEM images are also used for measuring the thickness of pnc-Si membranes before

and after the surface modifications.



30

2.5.3 Optical Profilometry Technique

Optical profilometery is a non-destructive white light interferometry technique
that uses the interference of light as a tool to determine the desired information
about the surface of an object. White light first passes through a beam splitter and
impinges on the sample surface and a reference mirror. Reflected light from both
surfaces is then recombined to produce an interference fringe pattern. A series of
algorithms are used to process the information, mapping the height of the surface at
each point. The result is a surface profile and height variation of the sample with a
subnanometer resolution [56]. In this work a Veeco Wyko NT-1100 dynamic optical

profilometer is used.

2.5.4 Pore Size Distribution Calculation

A custom image processing program written in MATLAB [57] is used to directly
extract pore sizes and distributions from bright-field TEM images (Figure 2.12) [37,
41]. Initially, a background correction is performed on the TEM image for each pixel
by subtracting the average value from a surrounding region of a chosen size. Further,
a threshold algorithm is applied to the TEM image to create a black and white
image (Figure 2.12(b)). The pores are then identified and outlined (Figure 2.12(c)),
and statistical information is calculated, including the diameters of the pores, the

pore areas, porosity, and the average pore diameter. The area of the pores which
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Figure 2.12: Pore processing using TEM image: a) original pnc-Si TEM image; b)
black and white image after background correction and applying a threshold algo-
rithm; ¢) background corrected TEM image with outlined pores; d) pore distribution
histogram.

cross the image boundary is included in the porosity calculations, however the areas
and diameters are not included in the overall pores statistics. Pore distributions
are typically plotted as histograms of the contributed area for each pore diameter
(Figure 2.12(d)).

Using a set of ten TEM images (with membrane area 1.7 um? each) from random
areas of the same pnc-Si membrane, the standard errors are calculated. The standard
error for the porosity value is 2 % and for the average pore diameter is less than 1 %.

These errors are inconsequential and the statistics from one location can be assumed
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Figure 2.13: Histograms and TEM images from three different positions (from a
set of ten) on the same pnc-Si membrane used for standard error calculations. The
calculated standard error for the porosity value is 2 % and for the average pore
diameter is less than 1 %.

representative for the entire film [41]. An example of the histograms from three

different positions on the same wafer is illustrated in Figure 2.13.

2.6 Conclusions

The fabrication process of porous nanocrystalline silicon membranes of typical
thicknesses 15 nm or 30 nm, pore diameters ranging from 5 to 80 nm and porosities
up to 15 % has been described in this chapter. Pnc-Si membranes with different pore
sizes and porosities can be fabricated by changing such manufacturing parameters
as annealing conditions and amorphous silicon layer thickness. Rapid thermal car-

bonization and e-beam evaporation techniques have been used to deposit thin carbon
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and metal films on pnc-Si membranes. Transmission electron microscopy, scanning
electron microscopy, optical profilometry and image processing software used to de-
termine pnc-Si membranes characteristics and characterize devices built using them

have been discussed.
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Chapter 3

Gas Flow through Pnc-Si
Membrane

A first step in designing nanomaterials and devices for separation and microfluidics
applications is understanding how fluid transport works for the particular material,
and the interaction between fluid and the pore surface material. This chapter explores
how ultrathin pnc-Si membranes achieve high gas transport, and discusses the physics
involved.

An introduction to gas transport theory and a review of existing gas flow studies
in porous materials are presented in Section 3.1. The permeation measurement setup
and performance evaluation of the pnc-Si membrane compared to the existing sieve-
like membranes are described in Sections 3.2 and 3.3. In Section 3.4 the dominant gas
transport mechanism through the pnc-Si membrane is determined. Gas flow proper-
ties of the membrane are studied in Section 3.5 to explore the relative contributions of

ballistic low and wall collisions in membranes with different pore sizes. In Section 3.6
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gas flow through carbonized pnc-Si and untreated pnc-Si is compared in order to test
whether carbon walls favor specular reflections, as opposed to diffusive reflections in

pnc-Si. The conclusions are presented in Section 3.7.

3.1 Background

Many factors are responsible for determining the gas transport mechanism that
occurs in a particular porous membrane. Included among these factors are pressure,
temperature, material surface and geometrical properties of the pores, as well as the
characteristics of the flowing gases. Viscous, free molecular, and the transitional
mechanism between viscous and free molecular are known gas transport mechanisms.
These mechanisms are characterized by the density of the gas particles lowing through
a pore or what is called the degree of rarefaction. The average distance traveled by the
molecules between collisions is known as the mean free path A between gas molecules.
At standard conditions, A is approximately 70 nm for air, 66 nm for nitrogen, 195 nm
for helium, and 44 nm for carbon dioxide [58]. The molecular density can be influenced
by external stimuli, such as pressure, which can change A and thus densify or rarefy
the gas inside the pore so that different flow regimes can be observed in the same
size pores. Different flow regimes can also be observed by changing the pore size at
ambient conditions and thus changing the molecular density inside the pore. When

a pore opening is much bigger than A, the flow through such a pore is a continuum
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Figure 3.1: Gas flow regimes as functions of system dimensions and pressure [59].

and considered viscous. As the pore dimensions become smaller than A, the flow is
characterized as molecular. Gas flow regimes are illustrated in Figure 3.1.

The criteria for distinguishing between gas flow regimes in the pore are based on
the magnitude of the non-dimensional parameter Knudsen number K,. A Knudsen
number is defined as the ratio of the mean free path A\ over a characteristic geometric
dimension of the system (for example, for a pore diameter d, K,, = \/d). For Knudsen
numbers K,, > 1, a free molecular flow (or Knudsen diffusion) occurs. Transient and
viscous flows take place when 0.01 < K,, < 1 and K,, < 0.01, respectively [58, 59].

The kinetic theory of gases is essential for understanding gas transport phenomena
in membranes. The theory is based on two fundamental assumptions, namely that

gases are made of large number of particles, and that gases are in constant motion
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related to their macroscopic properties (temperature, pressure, volume). According
to the theory, rapidly moving gas molecules collide with the walls of the enclosing
container and exert pressure on them. The ideal gas law, which describes the behavior
of gases, is

pV =nRT, (3.1)

where p is pressure, V' is volume, n is number of moles, R is the universal gas constant
and T is temperature. Due to gas volume dependence on p and T', comparing gas
permeation rates requires that the volume is given at a standard reference point.
Standard ambient temperature and pressure (SATP) conditions are a temperature of
25°C and a pressure of 1 atm. One mole of an ideal gas at SATP occupies V/n =
RT /p=24.8 liters. At standard conditions (STP) of 0°C and 1 atm, one mole of ideal
gas occupies 22.4 liters.

In the Knudsen diffusion regime, A exceeds the pore diameter d so that the gas
flow is limited by molecular collisions with the channel walls and not by the inter-
molecular collisions [60, 61]. The analysis of the flow is therefore primarily a geometric
problem of determining the restrictive effect of the channel walls on a free flight of a
gas molecule. In 1932, Clausing [62] formalized the concept of a transmission proba-
bility W as the fraction of incoming gas molecules that pass through a pore without
being reflected back. The integral equation that calculates W considers all possible

molecule trajectories and decouples the flow into two probabilities: i) the probability
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that a molecule will pass the pore without encountering the pore wall, W, (ballistic
component), and ii) the probability of transport through the pore after some collision
with the wall, W (wall collision component) [62, 63]. The integral equation for
W is discussed in Section 3.5. For the ballistic component to become significant,
the pore length must become comparable or smaller than the pore diameter. The
W values are tabulated for different channel geometries but for many purposes the
simple formula is required. The integral equation is approximated for short and long
channels, and for a short tube-shaped channel of length L and radius r is given by
(58, 61, 62, 7]

W=(1+L/2r)"" (3.2)

The way gas molecules scatter from the wall surface is a fundamental characteristic
of Knudsen analysis [64]. The wall collisions are assumed to be diffusive in Knudsen
regime, meaning that the angle of reflection of the gas molecule is independent relative
to the angle of incidence and is governed by the cosine law. The cosine law defines
the probability ds of a molecule that leaves the surface in the solid angle dw to form

angle 6 with the surface normal by Equation 3.3 [65]

ds = d—wcosﬁ. (3.3)

™

In contrast to diffusive reflections, in specular reflections the angle of incidence of the
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Figure 3.2: Schematic of specular and diffusive reflections.

molecule is equal to the angle of reflection. The concepts of diffusive and specular
reflections are illustrated in Figure 3.2.

The interaction between the gas molecules and the channel wall surface in terms
of the momentum exchange was formulated by Maxwell for his wall slip boundary
condition [66]. The concept of a molecule-wall interaction can be quantitatively de-
scribed as a function of incident and reflected tangential momentum and is given by

the tangential momentum accommodation coefficient o (TMAC)

o= "_ 7 (3.4)

where 7; and 7, are the tangential momentum of incoming and reflected molecules.
The tangential momentum of reemitted molecules 7,, corresponds to that of the wall
surface that the molecules impinge on (7, = 0 for stationary surfaces). In the case

of specular reflections, 0 = 0 and the tangential velocity of the molecules is not
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changed. The diffusive reflections (o = 1) are a result of complete momentum transfer
(or accommodation) during the impact. The tangential velocity is zero after such
reflections, indicating that the molecules have lost all information about their pre-
collision state [10, 67, 68, 69]. The TMAC value depends on such factors as the
nature and pressure of the gas, the material of the wall surface, surface cleanliness,
roughness and temperature. These parameters are not completely established since
the required experiments and computations are difficult to carry out. Each gas-surface
pair has a value of TMAC determined experimentally or by molecular dynamics (MD)
simulations [70]. Measuring and analyzing the gas flow through microchannels is one
of the experimental methods to find TMAC values 71, 72].

The transport of gases through capillaries of different sizes has been the subject
of study for more than a century. The relationships between flow rates and capillary
diameters were first established in the pioneering work of Knudsen, Clausing and oth-
ers [58, 62, 64, 73]. Nanoengineered membranes offer an outstanding opportunity to
experimentally verify theoretically predicted transport phenomena. A detailed study
of Knudsen diffusion has been done on electrochemically etched silicon nanochannels
by Gruener et al. for a wide range of Knudsen numbers (10? — 107) and temperatures
(40 - 300 K) [74]. Unnikrishnan et al. used a nanofabricated membrane to show that
gas flux in the transition regime behaves as a linear addition of viscous and Knudsen

flows [7], and the conductance of a single nanopore was measured by Savard et al. [75].
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Nanofabrication techniques also provide means to investigate the nature of molecule-
pore wall interactions. Carbon nanotube (CNT) [33] membranes experience enhanced
flow relative to the predictions of the Knudsen model [5, 31, 32, 34]. This enhance-
ment has been explained by MD simulations which suggest that fast transport arises
due to nearly specular molecular collisions with smooth CNT walls [68, 70, 76, 77, 78],
as opposed to diffusive collisions with pore walls in other materials [6, 74]. Depositing
carbon on the walls of a template porous membrane and annealing it at a high tem-
perature has been studied as an alternative to CNTs [11, 48, 49, 51, 79, 80]. Cooper
et al. reported a TMAC value of 0.52+0.1 estimated from transport studies of three
gases (argon, nitrogen ans oxygen) through carbonized porous alumina membranes
with pore diameters 200 nm [79]. TMAC values predicted for CNT are of the order

of 1073 [11, 78, 80).

3.2 Permeation Measurement Setup

Experimental measurements of the gas permeance of nitrogen, helium and carbon
dioxide are performed using a custom device featuring pnc-Si membranes as in-line
filters. A simplified schematic of the setup is illustrated in Figure 3.3. The pnc-Si
membrane chips are sealed into a permeation testing block by an O-ring that prevents
leaks. Ny, He or CO4 are used to pressurize the system upstream of the membrane

to a gauge pressure 1 psi while a valve connected to the membrane holder remains
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Figure 3.3: Schematic of the gas permeance measurement setup.

closed. The outlet of the setup is open to the atmosphere. In these experiments,
a plug of water separates pressurized gas in the ends of a calibrated glass tube (a
U-tube with a 1/4 inch inner diameter is used). The space between the water plug
and the membrane is filled with the gas of interest. Opening a gas valve allows gas
to pass through the membrane. Volumetric flow rates are measured by recording
the steady displacement of the water plug through the graduated U-tube for 0.5-5
minutes. A gauge pressure sensor monitors the pressure upstream of the membrane
and ensures that this pressure remains ~1 psi throughout the experiment. Control
experiments with broken membranes give flow rate values at least one order higher
than those measured for pnc-Si and control experiments with solid silicon frames
without membranes detect no leaks.

The procedure for filling the space between the water plug and the membrane,
including an additional plastic tube with two gas vales used for it, is not illustrated

in the simplified schematic of Figure 3.3 and is described below. The plastic tube is
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connected to different sides of the U-tube through two valves. When all three gas
valves are open, the source gas (N, He or COs ) flows through the setup and an
unsealed sample cell to make sure there is no residual air. After all the the valves
are closed, and the chambers and tubing are filled with the source gas, the pnc-Si
membrane is sealed into a sample cell. The procedure is repeated with the pnc-Si
membrane in place to push out the air contained between the gas valve shown in
Figure 3.3 and the membrane chip. The volume of this air is negligible compared
with the volume of the source gas contained in the rest of the setup. The duration of
the second step is 5-10 minutes, as the flow rates through membrane chip are slower
than through the unsealed sample cell.

The setup is used to test the gas flow rates of commercially available polycarbonate
track etch membranes, and the measured values are in agreement with data provided

by the manufacturer [3].

3.3 Pnc-Si Membrane Performance

The performance and efficiency of any porous membrane is determined by the
fluid permeation rate through it. The permeance P is calculated from the measured

volumetric flow (measured gas volume V' passed through the membrane per time t)
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normalized to the membrane area A and the pressure drop Ap

V

In Figure 3.4 the measured Ny permeance of pnc-Si membrane with an average pore
diameter of 12 nm is compared to the published permeances of CNT membranes
[5, 31, 32] and to our measurements of commercially available polycarbonate track-
etched membranes [3]. The gas permeance of the ultrathin pnc-Si membrane is several
orders of magnitude higher than that of other materials, consistent with permeance

measurements in liquids [37].
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3.4 Knudsen Diffusion in Pnc-Si

To verify that Knudsen diffusion is the dominant transport mechanism through
pnc-Si, Ny permeance for a large number of pne-Si membranes with different pore
distributions and porosities is measured. In Subsection 3.4.1 the experimental results
are compared to theoretically calculated values predicted for each membrane. Addi-
tionally, the experimental analysis of the molar mass and pressure Knudsen scaling

predictions of the pnc-Si gas permeance is performed in Subsection 3.4.2.

3.4.1 Theoretical and Experimental Pnc-Si Gas Permeance

The expected molecular flow through a single pore is [60, 6]

n = ApA,/V2rMRT(1 + L/2r)"", (3.6)

where Ap is the differential pressure in Pa, A, is the pore area, M is the gas molar
mass, R is universal gas constant, 7' is temperature, L is the length and r is the pore
radius. The flow in the molecular regime is defined in Equation 3.6 as the rate at
which molecules enter an opening of an area A, with an adjustment for the restrictions
caused by the pore walls. The confining effect of the pore walls on the free flight of
the molecules through A, is introduced by the Clausing factor W (approximated

transmission probability) for a short tube-shaped pore: W = (1 + L/27")_1 [7, 58, 61,
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62].

To determine the theoretical permeance (P) of a particular membrane, a transmis-
sion electron microscope (TEM) image of that membrane is first processed to extract
pore size histograms as described in Section 2.5.4. TEM images of pnc-Si before and
after pore processing in MATLAB are shown in Figure 3.5(a) [57, 41]. A typical pore
size distribution is illustrated in the inset of Figure 3.6. The molecular flow through
each pore in the image is calculated using Equation 3.6. The permeance is then cal-
culated by summing the flow rates through the individual pores and normalizing the
sum by the pressure drop and the active area of the membrane.

Both experimental and theoretical permeance values for pnc-Si membranes with
porosities ranging from 0.1% to 15% and different pore distributions are illustrated
in Figure 3.6. The cutoff pore diameters for the tested membranes ranged from
25 nm to 55 nm. Plotting the permeance values as a function of porosity for the
tested membranes demonstrates excellent agreement between Knudsen theory and

experimental results for individual pnc-Si membranes.

3.4.2 Molar Mass and Pressure Dependencies of Permeance

To further investigate the transport mechanism, the Knudsen scaling prediction

that permeance increases with the inverse square root of the molar mass \/LM of the

penetrating gas [6, 34] is tested. The solid lines in Figure 3.7(a) connect experimental
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Figure 3.5: Theoretical permeance pore-by-pore calculation: a) TEM image of pnc-
Si membrane and the same image with outlined pore edges to find pore statistics,
including pore diameters, porosity and pore areas. The image processing is done
in MATLAB [57]; b) Pore-by-pore calculation of theoretical gas flow rate through a
typical membrane using Equation 3.6 is used to calculate the theoretical permeance
of the membrane.
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permeance values of the individual tested pnc-Si membranes for No, He or CO,. The
linear behavior on the log-log scale shows the power law dependence with an exponent

of -0.5 in agreement with the Knudsen scaling prediction.

Mgas2

We also compare the theoretical gas transport selectivity coefficients a = 4 / 37 .
gas

(0.798 for COy/Ny pair, 0.378 for Ny/He, 0.302 for CO5/He) to the experimental
selectivity o expressed as the ratio of single gas permeances [81, 82] measured under
identical conditions for each of the three gas pairs for different pnc-Si membranes.
The experimental selectivity is 0.84 £+ 0.1 for CO5/Ny, 0.41 £+ 0.05 for Ny/He and

0.35+0.05 for CO4/He gas pairs. The comparison is illustrated in Figure 3.7(b). The
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Figure 3.6: Experimental and theoretical Ny permeance of pnc-Si membranes with
different porosities and pore size distributions. The theoretical value for each mem-
brane is calculated by summing the flow rates through individual pores and using the
pore distribution histogram. The inset is a typical pore size distribution histogram
obtained from TEM measurements.
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Figure 3.7: a) Measured Ny, He and CO5 permeance as a function of molar mass M.
Lines represent measurements on 22 different pnc-Si membranes, the average slope
of fitted lines is -0.45+0.05. The line of slope -1/2 is a guide for the eye. b) The
experimental selectivity a of 22 membranes expressed as the ratio of single gas perme-
ances measured under identical conditions for each of the three gas pairs, compared

to the theoretical selectivity coefficients o = ,/% (0.798 for COy/Ny pair, 0.378
for Ny/He, 0.302 for COy/He).
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Figure 3.8: Ny permeance of the same pnc-Si membrane measured at different pres-
sures. Permeance is independent of the pressure suggesting a negligible contribution
of viscous flow.

calculated and predicted selectivity values are in agreement within 5-15%.

Finally, the measured permeance is independent of feed pressure, which demon-
strated that the contribution of the viscous flow is negligible (Figure 3.8) [81, 83].
The Knudsen selectivity for single gas and mixed gas experiments is identical [34]. It
is for this reason that the mixed gas measurements were not performed in this study.
The good agreement between the transport experiments and the theory indicates that
Knudsen diffusion accurately describes transport through pnc-Si, thus meaning that

the molecular collisions with pne-Si pore walls are diffusive [31, 84, 85].



51

3.5 Ballistic and Non-Ballistic Gas Flow

In Knudsen regime, the transmission probability of a cylindrical tube of length L
is [62, 63]:

W = We(L) + /0 W (2)w () do, (3.7)

where the function W, is the probability of the molecule passing the tube without
colliding with the wall (i.e. the ballistic component). The second term in Equa-
tion 3.7 (the wall component W) represents the probability that a molecule will
pass through the pore after colliding with the wall. The function w(z) is defined by

the Clausing integral equation
L 7 I ’
wla) =Wl = 2) + [ Wo(o' = 2)ula)dr' (3.8)
0

and equals the flux density striking the wall at position z. The functions Wi, (x),
W,s(L — ), W,(z' — z) in Equations 3.7 and 3.8 represent the probabilities that
a molecule reflected from the wall at different positions will exit the pore. In detail,
W.(z) is the probability that a molecule after entering the pore will strike it at
position z; W,s(L — ) is a probability that a molecule reflected from the wall at
position z directly exits the pore; W,,(z" — 2) - probability that a molecule reflected
from position z on the pore wall will strike it at another position z'. Letters s and r

in the subscripts historically mean section and ring of the channel, which here refer
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Figure 3.9: Ballistic flow component W, for pores of different diameters and lengths
(Equation 3.9).

to the entrance or exit opening of the pore and the position on the wall, respectively.

The ballistic component W, (L) is given by a geometric factor [62, 63, 86]
Wao = (L2 = LVIZ+ 47 + 20%) /22, (3.9)

The dependence of the ballistic component W, on length L and diameter d is plotted
in Figure 3.9. The fraction of flow due to molecules with ballistic trajectories increases
significantly as pores become wider and shorter. For 15 nm thick membranes, 40 nm
pores give Wy, = 0.48 whereas 10 nm pores give Wy, = 0.09 [62]. The ballistic
component for membranes thicker than 50 nm becomes negligible unless the pores

are significantly larger than the membrane thickness. When either the pore size or



93

thickness approaches the mean free path A, molecular collisions become more likely
and the assumption of molecular flow upon which the Clausing formulations are based
is no longer valid.

In order to experimentally determine the Wy, and W,.; components, we exam-
ined the measured flow through pnc-Si and carbonized pnc-Si membranes. C-pnc-Si
membranes are formed by depositing a high quality carbon layer on pnc-Si mem-
branes, as described in Section 2.3. The thickness of c-pnc-Si membranes determined
by cross-sectional SEM images (details in Section 2.5.2) is 23.5 nm. In Figure 3.10
the experimental and theoretical permeances for five membranes before and after
carbonization are compared. The details of the membranes’ initial porosities and av-
erage pore diameters, and how they changed after carbonization are in the caption of
Figure 3.10. The measured permeance values for pnc-Si agree with the theory. While
a decrease in porosity and increase in thickness after pnc-Si carbonization result in
lower permeance, the experimental results for c-pnc-Si are significantly larger than
predicted by Knudsen diffusion, assuming diffusive reflections.

To extract the impact of pore diameter in membranes of different porosities, we
divided experimental permeance values by porosity to create a normalized perme-
ance P,,.,. Porosity of pnc-Si membranes is defined as the percent open area. The

P, orm values for 15 nm thick membranes with different average pore diameters are
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Figure 3.10: Experimental P of pnc-Si membranes from five different wafers before
and after carbonization compared to theoretical Knudsen predictions. Initial wafer
porosities and average pore diameters from left to right are: 1) 2.5% (25.5 nm); 2)
2.87% (27.8 nm); 3) 3.25% (18.4 nm); 4) 4.97% (23.7 nm); 5) 5.09% (22.9 nm).
The corresponding porosities and average pore diameters after the membranes were
carbonized are: 1) 1.34% (20.5 nm); 2) 1.3% (21.3 nm); 3) 1.91% (17.1 nm); 4) 2.86%
(18.5 nm); 5) 2.87% (20.7 nm).
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Figure 3.11: Experimental P,,., of 15 nm thick pnc-Si membranes plotted against
mean pore diameter. The dashed line is added to guide the eye.

plotted in Figure 3.11. In Figure 3.12, to allow the direct comparison of coated c-
pne-Si (solid squares) and non-coated pnc-Si (solid circles) membranes, Py, values
for 23.5 nm thick pnc-Si were extrapolated from results obtained for 15 nm pnc-Si
using the Clausing factor W = (1+ L/2r)"" [7, 58, 61, 62], which lowered P,opm
by 12 cc/cm?-s-bar on average. For both pnec-Si and c-pne-Si, the increase in Py,
as a function of average pore diameter seen in Figures 3.11 and 3.12 is due to the
increasing contribution of ballistic flow at larger pore sizes as shown in Figure 3.9.

To the best of our knowledge this is the first time the ballistic component of the gas

flow has been explicitly observed.
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3.6 Flow Enhancement in Carbonized Pnc-Si

Flow enhancement at all pore diameters is clearly observed in the carbonized
membranes in Figure 3.12. The permeances due to W, is calculated by subtracting
the ballistic component for the corresponding mean pore diameter from the total
measured flow. To extract ballistic permeance from the total measured permeance
value for pnc-Si the Clausing approximation of transmission probability for a short
tube-shaped pore W = (14 L/2r)”" (Equation 3.2) and the Equation 3.9 for the
ballistic component for the corresponding mean pore diameter and thickness of the
particular membrane are used. As the flow through c-pnc-Si is not predicted by
Knudsen diffusion (Figure 3.10), the W for c-pne-Si was found by comparing the
measured permeance to the theoretical permeance through the same open area in a
wall of infinitesimal thickness (W=1) [60, 81].

It is found, that the wall component accounts for all the enhancement in the c-pnc-
Si flow (open squares in Figure 3.12). The analysis of flow components provides strong
evidence that carbonization enhances gas flow by changing the nature of the molecule-
pore wall interactions from diffusive to more specular, consistent with the high quality
and graphene-like structure observed after high temperature carbonization [11, 48, 49,

51, 52, 79], and with reported flow enhancements in CNTs.
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Figure 3.12: Experimental P, of 23.5 nm thick pnc-Si and c-pnc-Si membranes
plotted against mean pore diameter. The wall component of P,,,,, is found by sub-
tracting the calculated Wy, component from the total measured P,,.,,. The error in
the wall components of P, due to the pore size distribution is less than 0.5%. The
dashed lines are least squares fits.
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3.7 Conclusions

In this chapter the gas flow through ultrathin pnc-Si membranes was studied
and Knudsen diffusion was identified as the dominant transport mechanism. The
demonstrated pnc-Si gas permeance is orders of magnitude higher than in membranes
which have similar pore sizes. Two aspects of molecular flow through pores whose
diameters and lengths are less than the mean free path of gas molecules were directly
observed. First, the significant contribution of the ballistic component to the total
permeance of pnc-Si due to the unique geometry of pnc-Si membrane was found.
Second, an enhancement in permeance caused by changing the pore wall surface
from one that scatters diffusely to one that scatters in a more specular fashion was
demonstrated. This enhancement occurred after high temperature carbonization was
used to deposit carbon inside the pores of pnc-Si and is consistent with the molecular

flow enhancement reported in carbon nanotubes.
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Chapter 4

Chemical Capacitive Sensing Using
Pnc-Si Membrane

The integration of nanoscale materials into electronic devices such as sensors adds
important functionality. Examples include using conductive nanoparticle agglomer-
ates [87, 88] and carbon nanotubes [89, 90] as electrodes in electrical sensor devices
to enhance mass transport characteristics [91, 92]. The study of nanopore trans-
port mechanisms [6, 37, 41] and comparisons to ionic channels in the cell membranes
have led to interesting chemical and biosensing applications, including single molecule
detection [18, 93, 94] and DNA sequencing [17, 19].

Using ultrathin pnc-Si membranes metallized with gold as flexible conductive elec-
trodes in chemical capacitive vapor sensor simplifies the conventional parallel-plate
design. The highly permeable porous membrane allows fast analyte vapor perme-
ation to the underlying chemically sensitive layer. The basic principles of electrical

sensors used for chemical detection are presented in Section 4.1. In Section 4.2, the
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fabrication of a hybrid polymer /pnc-Si capacitive sensor is discussed. The mechanical
stability and elasticity of pnc-Si are discussed in Section 4.3. The optical and electri-
cal detection of solvent vapor permeation by the sensor are described in Sections 4.4

and 4.5, respectively. Finally, the conclusions are highlighted in Section 4.6.

4.1 Electrical Sensors Background

Chemical sensors are measurement devices that use chemical reactions to detect
and quantify specific analytes [95]. The basic components of the sensor are a trans-
ducer element and a sensing or receptor layer. Sensors that convert information about
chemical changes inside materials during analyte absorption to electronic signals are
based on several electrical transduction principles. Among the different types of elec-
trical transducers are capacitance-based transducers that detect changes in dielectric
properties or thickness of the receptor material [96, 97, 98], resistance-based transduc-
ers that monitor changes in resistance [99], and mechanical oscillators that respond
to changes in mass [100]. Capacitive sensors are preferred over other transducers
because of their high sensitivity, low power consumption, lack of mechanical parts,
and relative ease of fabrication [96, 101, 102].

Polymers are widely used as receptor materials in chemical capacitive sensors
since they are low cost, mechanically and chemically stable, have a great variety of

physical and chemical properties, and chemical diversity for the selective detection of
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gas and vapor molecules [95, 103, 104]. Polymer properties can be tuned for specific
applications by making chemical modifications to the side groups attached to the
polymer backbone. Polymeric film can be prepared either by direct polymerization on
the substrate surface or by coating the surface with the prepared polymer. Common
polymer deposition and coating methods include spin coating, drop coating, spray
deposition, and deposition from a vapor phase [95].

The selective absorption of the analyte vapor molecules by the polymer results in
reversible swelling or a change in electrical properties, which alters the sensor capaci-
tance as a function of analyte concentration. The capacitance of the sensor increases
(decreases) as the analyte is absorbed into the polymer to change its permittivity
(thickness). The sensing principle of a capacitive sensor is based on the capacitance

relationship of a parallel-plate capacitor, which is

(4.1)

where ¢ is the permittivity of vacuum, ¢, is relative dielectric constant of the dielectric
layer, A is the overlap area between two plates, and d is the separation between the
plates. The capacitance changes in response to €. or d. The effects of polymer
swelling (d + Ad) and change of dielectric constant (e, + Ae¢,) may cancel each other.
To maximize the capacitive response, the polymer and solvent are chosen so that one

of these mechanisms is dominant.
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When analyte vapor is brought into contact with a polymeric material, it will be
partially absorbed by the polymer until a concentration equilibrium in both phases
is reached. The key parameter describing this absorption process is the partition
coefficient K, defined as the ratio of the concentration of the vapor in the polymer

C, to its concentration in the gas phase C, at equilibrium, and is given by [102]
C
K.= -2 4.2
¢ (42)

The amount of the vapor absorbed in the polymer is proportional to the vapor con-
centration in the gas, similarly to the Henry’s law that describes gas absorption by
liquids. Partition coefficients for the specific polymer/analyte pairs are determined
experimentally, using linear sensor responses obtained by quartz crystal microbal-
ance (QCM) or surface acoustic wave sensors (SAW). Also, K, and the interactions
between absorbing polymer and analyte can be modeled using linear solvation en-
ergy relationships (LSERs). Another approach is K. calculation using Hilderband
solubility parameters [102, 105, 106].

The absorption process depends on the ambient conditions and the physical state
of the polymer. Polymers change their state from rubbery to glassy depending on the
temperature relative to the glass transition temperature 7} of a particular polymer.
Below T, polymers are in glassy state, and in a rubbery state above the T, value.

The absorbed molecules change the Tj value. The diffusion of absorbed molecules
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Figure 4.1: Cross-sectional and top schematics of the parallel-plate capacitive sensor
geometry [108].

into the polymers is different for polymers in glassy and rubbery states, and is faster
in the latter [107]. The rubbery polymers are therefore preferred in chemical sensing.

The degree of interaction between materials is characterized by the Hildebrand
solubility parameter 6 = /¢, where ¢ is the cohesive energy density. The cohesive
energy density of the polymer is the amount of energy required to break all attractive
interactions between chains in a unit volume of the material [109]. The swelling
behavior of the polymer in a particular solvent can be predicted by comparing the
solubility parameters of the polymer 6, and solvent d5. The swelling of the polymer

in the solvent is maximized as (d, — d5)? approaches 0, meaning that the solvent
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molecules can penetrate through the polymer chains by overcoming the attraction
between them [110].

Capacitive sensors have two typical geometries: parallel-plate electrodes and inter-
digitated electrodes (IDE). The parallel-plate sensor has a polymer layer sandwiched
between two electrodes. The top electrode in the parallel-plate geometry must be
porous in order for the analyte to reach to the underlying receptor layer during sen-
sor operation. Etching voids in a top metal layer is challenging because the metal
etchants can destroy the polymer deposited under the metal layer. One solution is to
create a parallel-plate MEMs structure with an etched porous electrode on top of the
silicon wafer, and then infiltrate the polymer later as depicted in Figure 4.1. Such a
process, however, requires sophisticated fabrication steps [96, 108, 111, 112].

The IDE sensor consists of two comb-shaped metal electrodes on a substrate
and a sensitive polymer layer deposited on top of them as illustrated in Figure 4.2
[101, 102, 113]. The majority of the electric field lines between electrodes in the
IDE sensor is contained within the polymer layer with thickness equal to half of the
center-to-center spacing between the IDEs. To improve sensitivity of IDE sensors
to changes in dielectric properties and to increase the number of electric field lines
within the polymer layer, the electrodes can be built on two different metal layers of
the CMOS process [114].

IDE sensors are easier to fabricate but they suffer from lower sensitivity because
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length L

Figure 4.2: Cross-sectional and top images of interdigitaded electrodes based capaci-
tive sensor [101].

only a fraction of the polymer layer on top of the electrodes contributes to the sensing
signal, while the entire polymer layer contributes to the signal sensitivity in parallel-
plate sensors. The parallel-plate sensors, on the other hand, have longer response
time associated with slower vapor exchange. In such sensors, the vapor molecules
have to penetrate through the openings in the metal electrode to reach the polymer,

and the amount of polymer surface area for vapor adsorption is less [96].
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4.2 Pnc-Si Membrane Capacitive Sensor

The use of a molecularly thin nanoporous pnc-Si membrane as an analyte-permeable
electrode in capacitive sensing, and metallization influence on the pore character-

istics are discussed in Section 4.2.1. Capacitive sensor fabrication is described in

Section 4.2.2.

4.2.1 Pnc-Si Membrane as a Porous Electrode

To overcome the existing difficulties and in making a parallel-plate sensor struc-
ture, a capacitance sensor that uses a metallized ultrathin porous nanocrystalline
silicon membrane as a permeable electrode was designed [12, 39]. The use of pnc-Si
membrane as analyte-permeable sensor electrode adds the ability for selective access
of the analyte molecules to the receptor, and gives control over the mass transport

between receptor and sensor environment. The high gas permeation rates through

pnc-Si
membrane

metal
polymer
metal

Figure 4.3: Schematic of the pnc-Si membrane based chemical capacitive sensor.
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metgllized pnc-Si

Figure 4.4: TEM images of the same 15 nm thick pnc-Si membrane before and af-
ter metallization with 15 nm Ti/Au bilayer demonstrate that pores have not been
occluded.

pnc-Si membrane discussed in Chapter 3 and high membrane porosity address the
vapor exchange problem in parallel-plate capacitive sensors. In addition, the silicon
platform also provides for convenient chemical modifications [52]. The schematic of
the sensor with metallized pnc-Si electrodes is illustrated in Figure 4.3.

The metallization of pnc-Si is performed by e-beam evaporation of titanium and
gold described earlier in Section 2.4. TEM images of a pnc-Si membrane before and
after 15 nm thick metal deposition shown in Figure 4.4 demonstrate that Au/Ti
bilayer deposition closes small pores and reduces the diameters of the larger pores.
For example, deposition of a 13 nm metal bilayer on two different 15 nm thick pnc-Si
membranes caused the porosity to drop from 4.8 to 3.3 % and from 13.4 to 6.2 %.

The corresponding average pore size reductions were from 19 nm to 15.5 nm and from
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Figure 4.5: TEM images of the same 15 nm pnc-Si membrane with no metal, 13 nm,

and 20 nm metal layers deposited on top. The image shows how porosity and average
pore diameter of pnc-Si membranes change with the deposited metal thickness.

28 nm to 23 nm. The porosity and pore size distribution of pnc-Si membranes change

with the deposited metal thickness, as shown in Figure 4.5.
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4.2.2 Pnc-Si Membrane Capacitive Sensor Fabrication

Sensor fabrication begins with metal deposition on top of both the pnc-Si mem-
brane and the silicon wafer chip, followed by sensing polymer deposition [12, 39]. In
this work, polydimethylsiloxane (PDMS), which is a silicon-based polymer also known

as silicone, is used as a sensing material. The chemical formula of PDMS is [115]

(CH,),Si—0—[(CH,),Si—0—] Si(CH,),. (4.3)

A fundamental property of silicones is the presence of a Si—O backbone with func-
tional groups attached to the silicon atom. In PDMS the functional groups are methyl
groups (Si—CHjy), which make the material hydrophobic. Methyl groups are converted
into silanol groups (Si—OH) by using O, plasma treatment. The plasma treatment
makes the PDMS surface temporarily hydrophilic and facilitates strong adhesion be-
tween the PDMS and glass substrates when the bonding is done immediately after the
treatment. This technique is often used in microfluidic technology for PDMS based
devices fabrication [115]. PDMS is a nontoxic, easy to process and widely available
polymer with many attractive physical properties including transparency, electrical
insulation and inertness [116].

The polydimethylsioloxane (PDMS) layer was created using a Sylgard 184 silicone

elastomer kit obtained from Dow Corning, which contains a pre-polymer base and
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Figure 4.6: Fabrication steps of chemical capacitive sensor based on pnc-Si membrane:
metal deposition, PDMS spin-coating, bonding and PDMS curing.

Si wafer

a curing agent. The pre-polymer was first mixed with its curing agent in a 10:1
ratio by weight, and then placed in a desiccator to remove the bubbles created while
mixing. The vinyl-terminated pre-polymer base and methyl-terminated curing agent
are crosslinked during mixing and a final high temperature curing step. The mix ratio
of the base and curing agent was shown to influences the degree of PDMS swelling
in chloroform as a result of the different crosslinking densities. Higher crosslinking
density restricts swelling of the polymer network [117].

The PDMS layer was created by spin-coating the prepared mixture on the silicon
chip. After the mixture of the pre-polymer base and curing agent was poured on
the silicon chip, it was spun at 4000-6000 rpm for 1-4 min. As a result of spinning,
the polymer solution spread on the surface and formed a uniform thin film. The
thickness of the resulting PDMS film ranged from 5 to 10 gm depending on the spin
rate and duration. The pnc-Si membrane chip and PDMS covered silicon chip were
then bonded together to form the sensor (Figure 4.3). Lastly, the resulting sensor

structure is cured at 95°C for 2 hours to finalize the crosslinking process [12, 39].
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Figure 4.7: TEM images of the same pnc-Si membrane before and after repeatable
stretching at 15 psi. After the imaging, the membrane burst pressure was measured
to be 16 psi. The images show that the positions of the nanocrystals and the pores
stay unchanged after stretching.

Sensor fabrication steps are illustrated in Figure 4.6. Following fabrication, con-
ductive silver epoxy obtained from MG Chemicals was used to connect wires to the

sensor electrodes. The epoxy was air dried for approximately 24 hours.

4.3 Mechanical Stability of Pnc-Si Membrane

Unlike in nanocrystalline metals where the mechanical properties are observed
using in situ imaging techniques, the mechanical properties of nanocrystalline cova-
lently bonded materials, such as nanocrystalline silicon (nc-Si), has not been exten-
sively studied. Computer simulations are typically used to explain the mechanical

behavior and plasticity of nc-Si [118, 119].
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Mechanical stability and flexibility are important electrode properties for swelling-
induced sensors. Using a custom pressure cell to seal pnc-Si membranes with an O-
ring described in Section 3.2, the burst pressure of the pnc-Si membranes was tested.
Nitrogen was used to pressurize the system upstream of the membrane and a gauge
pressure sensor monitored the increasing pressure throughout the experiment. The av-
erage burst pressures of the pnc-Si membranes strongly depended on their fabrication
conditions. The measured average burst pressures range from a few psi up to 25 psi.

The mechanical stability of pnc-Si membranes was previously studied by applying
pressure to one side of the membrane, and observing the deformation during pressure
application using an optical microscope. It was reported that pnc-Si membranes
elastically and reversibly deform when pressurized [9]. To confirm this result at the
nanoscale level, we applied pressures just below the burst pressure across pnc-Si
for 30 min, and examined the membranes using TEM. The pores in pnc-Si serve as
markers, making it possible to image the same areas of the membrane before and after
mechanical testing. TEM images of the same area in the middle of the 200 pym x
200 pm pnc-Si membrane before and after repeatable stretching under 15 psi are
shown in Figure 4.7. As seen in the TEM images, the positions of the nanocrystals
and the pores are unchanged, meaning that pnc-Si membranes do not exhibit plastic
deformation under extreme pressures for the material. The burst pressure of the

membrane illustrated in Figure 4.7 measured after the TEM imaging is 16 psi [12].
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Figure 4.8: 3D optical profilometry images of a pnc-Si/PDMS /Si structure taken from
well-side of the pnc-Si membrane: a) before exposure to xylene vapor; b) immediately
after exposure to xylene vapor; ¢) approximately 2 minutes after the xylene vapor
is removed. The wall-like area around the membrane window is an artifact of the

imaging as the optical profiler picks up the signal reflected not only from the square
membrane area but also from the walls of the silicon well which was etched to expose
the freestanding pnc-Si membrane. The results show that xylene vapor permeates
through the membrane and reversibly changes PDMS thickness.

4.4 Pnc-Si deflection during PDMS swelling

Because pnc-Si membranes are very thin, their resistance to flow is very small as
shown by the high measured permeability values in Chapter 3. To determine if the
analyte vapor above the membrane permeates through the membrane and reaches
the polymer beneath it, we conducted an experiment on the pnc-Si/PDMS/Si wafer
structure to monitor reversible changes is the PDMS thickness in xylene vapor [12, 39].
The sensor was exposed to xylene vapor and the change in the surface height before
and after exposure was measured. The technique used to measure the induced swelling
of the pnc-Si/PDMS/Si structure is optical profilometry and has been described in
Section 2.5.3.

The deflection of a pnc-Si/PDMS/Si structure was observed before, during and

after exposure to xylene vapor. The 3D optical profilometry images of the structure
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taken from the well-side of the pnc-Si membrane are shown in Figure 4.8. The square
window area in these images is the pnc-Si membrane covering the PDMS layer. The
surface height is represented by the color scale. Xylene vapor permeation through
the pores induced PDMS swelling under the pnc-Si membrane. A 0.38 pm increase
in the thickness of the initial PDMS layer was measured when vapor was introduced
into the system. The swelling was reversible: after the vapor source was removed the

membrane came back to its initial state as shown in Figure 4.8c [12, 39].

4.5 Chemical Capacitive Sensing

The electrical characterization of the pnc-Si-based sensor is presented in this sec-
tion. Capacitance measurement setup is described in Section 4.5.1. The capacitive
responses of the sensor to three solvent vapors (hexane, toluene, acetone) and to con-
trolled concentrations of the xylene vapor are presented in Sections 4.5.2 and 4.5.3,

respectively.

4.5.1 Capacitance Measurement Setup

A schematic of the setup used to measure the sensor response is illustrated in
Figure 4.9. A HP4275A multifrequency LCR meter controlled by Labview was used

to measure the capacitance of the completed sensor. The sensor capacitance was
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continuously sampled using a National Instruments GPIB-USB interface. All mea-
surements were done in the parallel capacitive mode, with an AC signal of 10 kHz
and voltage amplitude of 100 mV. The sensor chip was connected to the LCR me-
ter with the backside well facing up to ensure vapor permeation through the porous
membrane. The sensors were then placed in a sealed 3.8 L. glass container. Real-time
data was collected during solvent introduction. A pipette was used to inject a known
concentration (parts per million, ppm) of liquid solvent (hexane, toluene, acetone,
xylene) into the glass container which was then allowed to evaporate. An immediate
change in capacitance was observed. The sensor was then taken out or flushed with
air for few minutes to allow the capacitance to regain its original value, and then

exposed to solvent vapor again. This procedure was repeated several times.

solvent vapor LabView | T

LCR meter

Figure 4.9: Capacitance measurement setup.
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4.5.2 Detection of Different Solvent Vapors

As mentioned before, the sensing principle of a capacitive sensor is based on the
relationship C' = €p¢,A/d (Eqution 4.1), which shows that the effects of polymer
swelling (d + Ad) and the change of the dielectric constant (e, + Ae,) detected by
the sensor may cancel each other. Test solvents, including hexane, toluene, and
acetone, were selected for this experiment as they are readily available, quick to
evaporate and induce only one of these two changes in PDMS. For hexane and
toluene the polymer swelling dominates, while for acetone vapor the dielectric con-
stant change dominates [110]. The solubility parameters of PDMS and test sol-
vents used in experiments are dpprs=7.3 cal’2em™>/2, Sperane=7.3 cal’/Zem3/2,
Srotuene=8.9 cal’2cm /2, §perone=9.9 cal'/2cm=3/2. The dielectric constants of PDMS
and solvents are €, pprrs=2.75, €, hezane=1.89, €, totuene=2.34, €, acetone=21 at T=293-
296 K [120].

The experimental capacitance data upon exposure of the same sensor to different
vapors is shown in Figure 4.10. The sensor was repeatedly exposed to hexane and then
toluene vapor at the 800 ppm and 1000 ppm levels respectively. During exposure, the
sensor capacitance was allowed to reach a stable value. Between exposures the sensor
was removed from the container and allowed to recover. Both solvents swelled the

PDMS leading to an increase in plate separation and capacitance decrease. Hexane

swells PDMS more than toluene, which is expected given their different solubility
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Figure 4.10: Capacitive response of the sensor upon exposure to hexane, toluene and
acetone vapors.

parameters 0 (Oppars = Onezane < Otoluene) and measured swelling ratios [110]. The e,
of hexane and toluene are close to that of PDMS and the net change in ¢, is negligible.
The measured changes in capacitance induced by hexane and toluene were 0.15 pF
and 0.1 pF, respectively [12, 39].

To explore the sensor response to changes in dielectric constant of the sensing
layer, the sensor sensor was exposed to acetone vapor. For acetone €, is much higher
than for PDMS resulting in an increase of the sensor capacitance by 0.15 pF upon
acetone exposure and absorption. By contrast, PDMS swelling induced by acetone
is negligible with the swelling ratio equal to 1.06, although other solvents with very
similar solubility parameters as acetone swell PDMS much more. This observation is

explained by the solvent polarity [110].
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4.5.3 Solvent Vapor Concentration Detection

Figure 4.11 shows a typical sensor response upon exposure to different xylene
vapor concentrations (100, 200, 300, 400 ppm). After each exposure the sensor was
brought to its original value by exposure to air. The response and recovery times of
the sensor are functions of pore size and porosity, and decrease with increasing pores
size, as bigger pores facilitate vapor molecule diffusion into and out of the sensor
[121].

These chemical sensing results suggest that our sensor performance is comparable
to similar polymer-based capacitive sensors, and that it can detect solvent vapor

concentrations well below 100 ppm within seconds [96, 101, 102, 111, 112]. With
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Figure 4.11: Capacitive response of the sensor upon exposure to 100, 200, 300,
400 ppm xylene concentrations.
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further optimization our sensor platform is expected to exhibit better performance

than existing technologies.

4.6 Conclusions

A new approach to the fabrication of an electrical sensor for organic vapor de-
tection employing an ultrathin flexible pnc-Si membrane as a porous electrode was
demonstrated. Using a porous electrode simplifies the fabrication of conventional ca-
pacitive parallel-plate sensors traditionally constructed with etch-through electrodes.
The mechanical strength and elasticity of pnc-Si were tested and no measurable plas-
tic deformation was observed. Devices were built and successfully operated in solvent
vapor environments. The swelling caused by vapor permeation was measured by opti-
cal profilometry. Reversible real-time capacitance response of the sensor was obtained
for three solvents that use different mechanisms for capacitance changes, as well as

for different concentrations of the same vapor.
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Chapter 5

Pnc-Si Membrane in Low Voltage
Electroosmosis

Electroosmotic (EO) pumps are used in a variety of microfluidics applications
which include drug delivery and biomedical applications [122], fuel cells [14, 123], mi-
croelectronics cooling, and biological and chemical analysis [124]. The applied voltage
used in EO pumping ranges from a few volts to kilovolts. Such a high voltage is re-
quired since in most of the EO pumps, the electrodes are placed within the fluid,
which increases the distance between electrodes and, therefore, the resistance. A sig-
nificant reduction in the applied voltage, while keeping the same high electric field
required for pumping, can be achieved by reducing the spacing between electrodes.
In principle, the electrode spacing can be reduced to the thickness of the pnc-Si mem-
brane (15-30 nm) by developing a technique for depositing isolated metal electrodes

on both sides of this porous material.
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This chapter is organized as follows. The theoretical background behind electroos-
motic pumping and a review of the existing devices are presented in Section 5.1. The
method used for depositing metal electrodes on the pnc-Si membrane, as well as the
fabrication of the pnc-Si based EO pump, are described in detail in Section 5.2. The
experimental setup used to measure the flow rate of the pnc-Si based EO pump and
the preliminary preformance evaluation are discussed in Sections 5.4 and 5.3. The

chapter is concluded in Section 5.5.

5.1 Background of Electroosmotic Pumps

The origins of the electrokinetic transport and the principle of the electroosmotic
pumping are presented in Section 5.1.1. The existing electroosmotic pumps and their

key performance requirements are reviewed in Section 5.1.2.

5.1.1 Fundamentals of Electroosmotic Flow

Most materials acquire a surface charge when brought into contact with an aque-
ous solution. The origins of this charge include ionization of surface groups (deproto-
nation or protonation), specific ion adsorption, or charged crystal surface [125, 126].
The surface groups ionization in oxides results in negatively or positively charged

surfaces depending on pH levels. The surface of silicon dioxide (SiO3) is terminated
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Figure 5.1: Fraction of positive, negative and neutral sites on SiOs surface in water
at different pH values [127].

with silanol groups (SiOH), and is negatively charged at neutral pH due to their de-
protonation (SiO7). At very low pH values, the SiO, surface charge due to silanol
protonation (SiOHJ) becomes positive, and is equal to zero at pH=1.5. The pH
value at which the surface charge is equal to zero due to suppression of the surface
ionization is called the point of zero charge (PZC). Figure 5.1 shows the fraction of
positive, negative and neutral sites on SiO, surface in water at different pH values
[127].

The charged surface influences the distribution of the nearby ions in the aqueous
solution. Ions of the opposite polarity are attracted to the surface to balance the
charge on the charged surface, and ions of the same polarity are repelled. The liquid

layer with balancing counterions and the charged surface form an electrical double
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layer (EDL) [10]. The layer of strongly attracted ions close to the surface is called the
Stern layer (or Helmholtz layer) and is immobilized near the charged surface. The
thickness of the Stern layer is dictated by the size of the ions and is several A. The
layer between the Stern layer and the bulk liquid is called the diffuse layer, and in this
layer ions are less effected by electrostatic interaction with the charged surface and
are mobile. The ion concentration near the charged surface in the diffuse layer obeys
the Boltzmann distribution. The thickness of this layer depends on the electrolyte

concentration and can be predicted by the Debye length Ap in electrolytes [125]

Ek'BT
Ap V 2e222n.’ (5.1)

where € is dielectric permittivity of the solvent, kg is the Boltzmann constant, T'is the
temperature, e is electron charge, zis the valence and n., is the bulk concentration of
the ions. As an example, the values of the Debye length A\p for 10 mM, 100 uM and
1 uM electrolyte concentrations for z =1 are 3, 30 and 300 nm respectively [10, 126].
The diffuse layer is responsible for the electrokinetic phenomena.

The ion distribution in EDL can be described by an electrokinetic potential 1,
which exponentially decreases away from the surface to the bulk fluid. The EDL
structure and potential distribution are illustrated in Figure 5.2 [10]. The electroki-
netic potential ¢ at the shear plane, which is the boundary between the Stern and

diffuse layers, is called the zeta potential (. The zeta potential { is used instead of
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Figure 5.2: Schematic of the electrical double layer (EDL) formed by a negatively
charged surface and electrokinetic potential ¢ distribution. v is surface potential, ¢
is zeta potential, y is distance from the surface, Ap is the Debye length.

the wall potential 1 to describe electrokinetic phenomena and can be on the order
of 50 mV. Zeta potential is a property of the interface between the solid and solution.

Electrokinetic effects are based on the presence of the electric double layer (EDL)
and include electroosmosis, electrophoresis, streaming potential and sedimentation
potential. Electroosmotic flow (EO) is the movement of the electrolyte solution rel-
ative to the charged surface due to a tangentially applied electric field. When a
tangential electric field is applied, the mobile ions in the diffuse layer migrate towards
the oppositely charged electrode, dragging the viscous liquid with them. The velocity
profile of the EO flow in a channel is uniformly flat as shown in Figure 5.3, which is

a major advantage over the pressure-driven flow [128].
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cathode

Figure 5.3: Velocity profile of the electroosmotic flow in a channel with negatively
charged surface.

The EO flow velocity under the influence of the applied electric field £ is given

by the Helmholtz-Smoluchowski relation:

v=——F, (5.2)

where € = gge,. is the permittivity of the solution, p is its viscosity, and ( is the zeta
potential [10, 125]. The minus sign indicates the flow direction and is due to the ¢
potential. After being negatively charged by deprotonation, the SiOs surface ({< 0)
attracts positive ions, and this results in a positively charged EDL and causes EO
flow towards the negative electrode. Equation 5.2 shows that the EO flow velocity is

linearly proportional to the applied electric field strength and zeta potential.
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5.1.2 Electroosmotic Pumps

Various types of micropumps have been designed for use in microfluidic devices
to precisely control the liquid flow from one part of the device to the other. Com-
plex devices require multiple pumps and other microfluidic components to operate
simultaneously, and it is for this reason that pumps must be easy to fabricate and
integrate into the system. Micropumps are typically classified into mechanical and
non-mechanical. Mechanical pumps usually contain moving parts to perform pump-
ing, and include electrostatic, piezoelectric, electromagnetic and other types. Non-
mechanical pumps control liquids by converting non-mechanical energy (electrical or
magnetic) into the kinetic energy of the fluid. These include electrohydrodynamic
(EHD), magnetohydrodynamic (MHD), electroosmotic (EO), electrowetting, electro-
chemical and other types of non-mechanical micropumps [14, 15]. The only disad-
vantage of non-mechanical pumps versus mechanical pumps at the microscale is that
non-mechanical pumps can operate with a limited variety of fluid. The type of lig-
uid (low conductivity, high conductivity, with magnetic particles, etc.) depends on
the pumping mechanism, while mechanical pumps can pump all types of liquids. In
most cases, the non-mechanical pumps are preferred due to the absence of moving
mechanical parts and their compact size.

The most popular non-mechanical micropumps are electroosmotic (EO) pumps,

which employ electric field-induced drag forces generated by mobile ions in EDL as
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Figure 5.4: Examples of pump geometries: a) porous anodic alumina membrane pump
[129]; b) pump based on porous glass substrate composed of silica and borosilcate
particles [130]; ¢) microfabricated pump [131].

the driving pumping mechanism. Conventional EO pumps consist of a porous sub-
strate or planar microchannels sealed between reservoirs with liquid, two electrodes
inserted in reservoirs and a power source. The electrodes create an electric field that
influences mobile ions in the EDL, and thus moves the liquid from one side of the
porous substrate to the other. The porous materials used for EO pump fabrication in-
clude porous silicon [132], porous polymeric membranes [133], carbon nanotube based
membranes [134, 135], silica particles [130], and anodized alumina (AAO) membranes
[129, 136, 137, 138, 139]. Planar pumps are fabricated using standard semiconductor
fabrication and chemical etching techniques [140]. Examples of pump geometries are
shown in Figure 5.4. The key features that influence the performance of the EO
pump are the magnitude of the applied electric field, the microchannel dimensions,
the microchannel surface charge and the ionic concentration of the liquid [14, 124].
High flow rates and low applied voltage are a key performance requirements for an

efficiently operating EO pump.
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5.2 Pnc-Si Membranes as Electroosmotic Pumps

A major shortcoming of currently available EO pumps is that achieving sufficient
flow rates requires high operating voltages (10-10000 V), which are not compatible
with integrated microfluidic devices and prevent easy device handling [141, 142]. By
reducing the spacing between the electrodes, the same electric field strength can be
achieved at lower voltage. One approach for achieving this reduction is to use thin
porous membranes (10-100 pm) as substrate materials in EO pumps [136, 129, 132].
In conventionally designed EO pumps, metal wire or mesh electrodes are placed in
reservoirs at distances ranging from a few millimeters to a few centimeters from
the porous material. Such an electrode placement introduces a significant resistive
component from the solution and thus fluid pumping requires higher voltages (20-
100 V). To further reduce the voltage, electrodes can be coated on both surfaces of
the porous membrane [137, 138]. The best example of this idea involves 50 nm thin
platinum electrodes sputtered on a 60 um thick AAO membrane which achieved 1-5 V
operating voltages with a maximum flow rate of 0.074 ml/min-V-cm? [139].

Depositing electrodes on the opposite sides of an ultrathin pnc-Si membrane would
reduce the spacing between electrodes by several orders of magnitude compared to all
existing EO pumps. If the spacing between electrodes is equal to the thickness of the
pnc-Si membrane (15-30 nm), a field as high as 3-7 MV/m can be generated using

only 100 mV. A schematic of the EO pump using metallized pnc-Si as a substrate
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Figure 5.5: Schematic of the pnc-Si membrane based electroosmotic pump.

membrane material is given in Figure 5.5. The main fabrication challenge for the
pnc-Si EO pump is developing a metallization process that creates electrically isolated

electrodes across the porous ultrathin membrane.

5.2.1 Pnc-Si Electrodes Fabrication by Glancing Angle De-
position

A procedure for pnc-Si metallization using e-beam evaporation is described in
detail in Sections 2.4 and 4.2.1. Since the material deposition during evaporation
happens in the line of sight, shadowing can occur due to the substrate surface ge-
ometry and the placement of the substrate relative to the source. The shadowing
effect results in a nonuniform film thickness, undesirable morphology, step coverage
and void formation, and is usually problematic for microfabrication. This effect is

minimized by heating the substrate to enhance surface diffusion, and by rotating it to
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Figure 5.6: a) Schematic of the glancing angle deposition technique showing the
partial pnc-Si pore coverage due to directional metal vapor flux; b) wafer positioning
during glancing angle deposition.

reduce shadowing and to create a layer of uniform thickness. In contrast, the nonuni-
form distribution of the vapor incident particles can be used as a control in thin
film deposition. The technique known as glancing angle deposition (GLAD) employs
oblique angle deposition and substrate motion, and is primarily used for sculpturing
thin films [143, 144]. In this technique, the substrate on which the thin film is de-
posited is positioned at an oblique angle to the incident vapor, which is close to a 90°
angle to the normal of the substrate.

The directional nature of the evaporation is used to deposit isolated electrodes
on different sides of the pnc-Si membrane. By controlling the orientation of the
membrane relative to the impinging metal vapor flux, the amount of metal penetration
inside the pores can be controlled. By positioning the stationary pnc-Si membrane

at a glancing angle relative to the metal source, a metal layer is deposited only on
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glancing incidence

@ -«

Figure 5.7: TEM images of pnc-Si with gold deposited on one side at: a) normal
incidence and b) glancing incidence. The metal film deposited at the normal incidence
conformally coats the pores, as seen in TEM image of (a). The gold film deposited
at glancing incidence coats only one side of the pores as seen in TEM image of (b).

the membrane surface and, as a result of shadowing, on the side of the pores facing
the vapor flux. This evaporation process is schematically illustrated in Figure 5.6(a).
By rotating the membrane chip after the first deposition, the second metal layer is
deposited on the back of the membrane and the opposite wall of the pore as shown.

To evaporate thin gold films and a titanium adhesion layer on the pnc-Si membrane
at glancing incidence, the chips are positioned in the chamber at varying angles o and
B relative to the position of the crucible containing gold as shown in Figure 5.6(b).
TEM images of the pnc-Si with metal deposited on one side at normal incidence and

at glancing incidence are compared in Figure 5.7.
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5.2.2 Optimization of Electrode Deposition Parameters

The gold electrodes deposited on the pnc-Si membrane must be thin enough to
keep the pores open, and yet thick enough to ensure good conductivity. The param-
eters can be optimized by choosing the appropriate deposition conditions, including
the deposition angles a and 8 (Figure 5.6(b)) and the film thickness that yields a
continuous layer.

Material evaporation is carried out at low pressure so that the vapor transport
from the source to the wafer is free molecular, meaning that the vapor particles are
traveling in straight lines to the wafer. The material sources can be classified as point
or surface sources, as illustrated in Figure 5.8. The sources used in the evaporation
method are considered surface sources, except when the deposition occurs at a high
rate. In this case, a virtual point source can be created directly above the crucible

due to the high vapor pressure, which creates viscous flow regime conditions [59].

POINT SOURCE

Figure 5.8: Schematic of material evaporation from point source and surface source
[59].
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Figure 5.9: SEM images of the 15 nm and 25 nm metal films deposited on 30 nm
thick pnc-Si membrane at different angles o and . The corresponding angles, metal
film thickness ¢ and measured resistance R magnitude are inserted in the images.

The thickness distribution of the evaporated films from the surface source reflects the
angular dependence of the vapor flux according to the cosine distribution law. The

material mass deposited per unit area of the wafer is

dMy  M.cospcost)

dA, Tr? ’ (5:3)

where dMj is mass deposited on the substrate area dA,, M, is total evaporated mass,
and r is the distance between the wafer and source surfaces. The emission angle
and the receiving angle ¢ are the angles between r and the surface normals of the

source surface and the wafer surface, as defined in Figure 5.8 [59, 145].
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Figure 5.10: SEM images of gold films of different thicknesses deposited on 30 nm
thick pnc-Si membrane at a=65° and =90 a) 21 nm; b) 19 nm; c¢) 15 nm. Some of
the dark areas in (b) and (c) are bare pnc-Si membrane areas with pores, which are
not covered with metal.

Gold films with a titanium adhesion layer (3 nm) of total thicknesses 15 nm
and 25 nm were deposited on 30 nm thick pnc-Si membrane chips at three different
positions as shown in Figure 5.6. Gold and titanium are deposited in the same run
without breaking the vacuum. The chip placement is defined by the following angles
a and : 1) a=75°, f=90°; 2) a=65°, 5=90°; 3) a=55°, f=70°. The corresponding
SEM images of the deposited films are illustrated in Figure 5.9. The thinner films and
the films metallized at higher angles o are granular and discontinuous, because there
is not enough material to form a continuous film. The resistance of the deposited
metal films was measured by a two-point probe method, and ranges form several
Ohms to MOhms.

To determine the thickness of the conductive metal electrode that minimizes the
pore clogging, gold films of different thicknesses (21 nm, 19 m, and 15 nm) were de-

posited at a=65° and f=90°. SEM images of these films are shown in Figure 5.10.
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metallized pnc-Si

100 nm

Figure 5.11: Cross-sectional SEM images of the 30 nm thick pnc-Si with metal layers
deposited at the glancing angle on both sides.

The measured resistances of these films are on the order of a few Ohms. The discrep-
ancy between 15 nm films in Figure 5.9(b) and Figure 5.10(c) is due to different base
pressures during evaporation. The optimal thickness of the gold/titanium bilayer film
is 15-17 nm.

The 13-15 nm thick backside metal electrode is deposited on the pnc-Si mem-
brane at a=55" and $=70°" to overcome shadowing introduced by the silicon well on
the backside of the chip. Also, a shadow mask with holes slightly smaller than the
dimensions of the membrane chips was placed in front of the samples during backside
deposition. This was done to prevent metal deposition of the silicon chip edges, which
would short the top and the bottom metal layers. The measured resistance of the
bottom electrodes is a few Ohms.

The cross-sectional SEM images in Figure 5.11 confirm that gold electrodes de-
posited on the pnc-Si at the optimal conditions are separated. Resistances measured

between the top and bottom electrodes deposited on the pnc-Si membrane at these
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Figure 5.12: Charge transfer reactions occurring at silver-silver chloride electrodes.

conditions range from 0.4 to 10 kOhm and correspond to calculated resistivity values
for pne-Si on the order of 10%-10” Ohm-cm. These resistivities are similar to the

values measured for nanocrystalline silicon films [146, 147, 148|.

5.2.3 Silver-Silver Chloride Electrodes

To maintain the electrical field in the solution and achieve continuous pumping, an
electrochemical reaction at the electrodes of the EO pump is essential. Without the
charge transfer reactions the electrodes in the ionic solution will act as charged plates
of a capacitor and this will result in no flow. In aqueous solutions, electrode potentials
higher than 1.2 V cause electrolysis of water leading to the formation of H, and O,
bubbles [149]. Most electrodes are made of platinum or gold, and the charge transfer
reaction with the lowest potential that occurs at these electrodes is the electrolysis of
water. The formation of bubbles requires special attention and introduces limitations
when designing a pump. Changing the chemical composition of the electrolyte, using
polymer electrodes and other methods of suppressing and reducing bubble formation

during electrolysis have been extensively studied [150, 151, 152].
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Silver-silver chloride (Ag/AgCl) electrodes avoid gas formation by inducing an
electrochemical reaction at voltages lower than the water electrolysis voltage. The
electrochemical reactions responsible for the charge transfer across the interface be-
tween metal and solution transform silver into silver chloride and back, and require
approximately 0.2 V (Figure 5.12) [149]. The special features of the Ag/AgCl elec-
trodes include consumption of the coated AgCl layer during reactions, and presence
of chlorine ions in the solution required for these reactions. Ag/AgCl electrodes are
well understood and have been used as reference electrodes in chemical and biological
measurements [128].

Following the deposition of gold electrodes on the pnc-Si membrane, silver wires
were connected to the top and the bottom gold electrodes (or silicon surface is some
cases explained later in the chapter) by a conductive silver epoxy obtained from MG
Chemicals. The epoxy was air dried for 24 hours. Silver chloride ink was used to
create silver chloride layer on the silver electrodes. The ink was dried in the oven at

80°C for 15-20 minutes.

5.3 Volumetric Flow Rate Measurement Setup

The experimental setup to test the performance of the pnc-Si based EO pump
is illustrated in Figure 5.13. In these experiments, the change of the liquid droplet

volume on the front side of the membrane due to EO pumping from/into the liquid
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Figure 5.13: Schematic of the experimental setup used to test pnc-Si EO pump.

reservoir on the other side of membrane was observed. The edges of the chip were
sealed into a square (2 cm x 2 c¢m) 300 pm thick silicone gasket cut out of the
silicone sheet with an opening for the chip. Before the sealing, the silicone and pnc-
Si (as-prepared or metallized) surfaces were treated in oxygen plasma to increase
the adhesion strength as described in Section 4.2.2 [153]. Ag/AgCl electrodes were
attached after the chips were sealed into silicone. The prepared pnc-Si chip was placed
on top of the container with a 0.1 M NaCl aqueous solution in order to ensure that
the backside of the membrane and the bottom Ag/AgCl electrode are immersed in
liquid. A droplet of NaCl with a volume of 1-5 pul, placed on top of the floating sample,
partially covered the pnc-Si membrane slits and top Ag/AgCl electrode. The droplet
volume change due to EO is observed with a microscope when a voltage is applied. A
DC voltage of 0.2-2 V was applied using an Agilent Function / Arbitrary Waveform
Generator. The current was measured by an Agilent 34410A digital multimeter. The

lower voltages (0.05-0.15 mV) were applied to the membrane using a voltage divider
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Figure 5.14: Image of the NaCl solution droplet on top of the bare pnc-Si membrane
pump with attached Ag/AgCl electrodes. The silicone seal can be seen around the
edges of the pnc-Si membrane.

circuit with resistors 10 MOhm and 4.5 MOhm, and an input voltage of 1-2 V.
The droplet forms a spherical cap and its volume is expressed as a function of the
radius of the contact area a and the contact angle 6 (Figure 5.13) [154]

ma® (2 + cosf) (1 — cosh)?

V= 3 sin30

(5.4)

A camera installed above the sample (topview) was used to monitor droplet volume
changes as the voltage was applied. The electrode polarity was alternated and the
droplet volume was observed to increase or decrease in response. Digital images
extracted from the video data at different times during pumping were analyzed and
the radius a changes were extracted with the aid of ImagelJ software [155]. Under

the assumption of a constant contact angle #, the volume change was determined
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Figure 5.15: Images of the NaCl solution droplet on top of the metallized with gold
on both sides pnec-Si membrane pump with attached Ag/AgCl electrodes: a) before
pumping; b) after pumping.

using Equation 5.4 and the known droplet volume before the pumping. Examples
of the droplets on a non-metallized pnc-Si pump and a pnc-Si pump metallized at
glancing incidence are illustrated in Figures 5.14 and 5.15. The volumetric flow rate
was calculated as the change in the droplet volume per pumping time.

After several pumping cycles we noticed the discoloration of the metallized sur-
faces, and suspected deposition of silver chloride ink and silver epoxy constituents.
However, an energy-dispersive X-ray spectroscopy (EDS) analysis of these surfaces
did not reveal silver or other unexpected material present.

To eliminate the possible influence of contact angle changes on the flow calculation
due to discoloration mentioned above, a second method to calculate the volume was

used. An additional sideview camera was added to monitor the droplet changes during
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pumping [137]. In order to avoid obscuring the camera view by the container walls,
the NaCl solution droplet was placed on the bottom of the sample instead of placing
the whole sample into the container. The images taken from the side and the top of
the droplet on the top surface of the pnc-Si were used to extract the height h and
radius a before and after voltage application. Assuming a perfect spherical cup, the

volume of the droplet was then calculated using the following equation

h
V= %(3@2 + 1), (5.5)

The side view images of the droplet height change are shown in the Figure 5.16.
The calculated volumetric flow rates are in good agreement for both calculation

methods using Equations 5.4 and 5.5 for 2-3 pumping cycles before the surface dis-

b)

Figure 5.16: Side view images of the NaCl droplet on a metallized pnc-Si pump before
(a) and after (b) pumping, showing the droplet height change.

coloration occurred.

a)

|

i
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5.4 Pnc-Si EO Pump Performance Evaluation

Previously, a pnc-Si membrane based pump with platinum and silver-silver chlo-
ride wire electrodes inserted in solution on different sides of the membrane was stud-
ied. The flow rate achieved with 15 nm thick as-prepared pnc-Si membrane was
8 ul/min at applied voltage 20 V using Pt electrodes, and 0.6 pl/min at 1 V us-
ing Ag/AgCl wire electrodes [156, 157]. The power consumption of these pumps is
20 mW and 0.3 mW, respectively, which is much higher than the amount needed for
an ultrathin pump operation. Most of the power in their designs is dissipated by the
resistance associated with the electrode to pump spacing [156, 157]. Reducing this
spacing is expected to drastically decrease power consumption.

The performance of EO pumps built on pnc-Si membranes with electrodes directly
deposited on the surfaces was tested for electrode placed on bare pnc-Si membranes,
pnc-Si membranes with only top surface covered with gold, and pnc-Si membranes
with both surfaces covered with gold. Each pump has Ag/AgCl electrodes attached to
the back and the front surfaces as shown in the Figure 5.17. Ag/AgCl electrodes are
attached to the silicon surfaces in Figure 5.17(a), to the top gold layer and the bottom
silicon surface in Figure 5.17(b) and (d), to the top and the bottom gold surfaces in
Figure 5.17(c). The pnc-Si membranes used in these experiments are 30 nm thick
with an initial porosity of 7.4 % and total active area 1.5 mm?. The porosity of the

pnc-Si pumps with one gold deposited layer is 0.4 %, and with two gold layers is 0.1
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Figure 5.17: Four types of EO pumps built on as-prepared and metallized pnc-Si
membranes: a) bare pnc-Si membrane, Ag/AgCl electrodes attached to silicon sur-
faces; b) pne-Si with top surface covered with gold, Ag/AgCl electrodes attached to
gold and bottom silicon surface; ¢) both pnc-Si membrane surfaces covered with gold,
Ag/AgCl electrodes attached to gold surfaces; d) both pnc-Si membrane surfaces
covered with gold, Ag/AgCl electrodes attached to the top gold and bottom silicon
surface.
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18 4 a - bare pnc-Si membrane (7.4 % porosity)

{ b - pnc-Si with top Au electrode (0.4 %)

16 4 c - pnc-Si with two Au electrodes (0.1 %)

1 d - pnc-Si with top Au electrode + Au layer (0.28%)
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Figure 5.18: Average volumetric flow rates of different pnc-Si EO pumps at different
voltages. The samples include a bare pnc-Si membrane, a pnc-Si membrane with
only the top surface metallized with gold and a pnc-Si membrane with both surfaces
metallized with gold. Each of the pumps has Ag/AgCl electrodes attached to both
sides as shown in Figure 5.17. The error bars indicate the maximum and minimum
values measured.

or 0.28 %. The decrease in porosity compared to as-prepared membrane is a result
of the deposition at glancing incidence.

Volumetric flow rates measured at different voltages for these four pump types
are presented in the Figure 5.18. To allow for easier comparison, the average mea-
sured flow rates were normalized by porosity and these normalized values are shown
in Figure 5.19. The flow rate of the non-metallized pnc-Si pump with Ag/AgCl elec-
trodes attached to it is comparable the flow rate of previously measured pnc-Si pump
with electrodes inserted in the fluid described above [156, 157]. The performance

of the pumps metallized with gold (Figure 5.17(b-d)) is considerably higher than
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Figure 5.19: Average volumetric flow rates (shown in Figure 5.18) normalized by
porosity for different pnc-Si EO pumps at different voltages.

non-metallized. The flow rates of the two double-side metallized pumps are sepa-
rately discussed below.

The origins of such high flow rates and nonlinearity of the flow with an applied
electric field for the pne-Si pump with voltage applied across gold electrodes (Fig-
ure 5.17(c)), are not well understood and need to be further investigated. In classical
electroosmosis the flow is a linear function of the applied electric field. The calculated
electric field values that correspond to the voltages in Figures 5.18 and 5.19 are ap-
proximately on the order of 10* V/m for all applied voltages, except 0.2 V when it is
on the order of 10”7 V/m. A possible explanation of the low flow rate for the high field
strength values is that they are close to the electrical breakdown in aqueous solutions

[158]. The breakdown field for deionized water in bulk is 70 MV/m. At micro- and
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nanoscale distances the electrical breakdown field of water is not well studied, but
strongly depends on the electrode material, electrode geometry, distance between the
electrodes, and is considered to be around 10 MV/m [159, 160, 161]. Also, it is pos-
sible that the nonlinear electrokinetic phenomena arising from a complicated pnc-Si
pore structure after metallization at glancing angles plays a role in the observed high
flow rates of these pumps at low applied voltages. The non-uniform electric field in-
side the pores due to sharp edges, as well as possible concentration polarization effects
near the electrodes can result in non-equilibrium electroosmotic flow [162, 163]. The
flow rates associated with such phenomena often exceed the classical EO flow rates
by a factor of 10-100 for the same electric filed strength [164]. Another effect associ-
ated with the pump in Figure 5.17(c), which cannot be explained satisfactory at this
moment, is that the applied voltages are lower than required to drive electrochemical
reactions on Ag/AgCl electrodes

The highest flow rates are obtained with the pump structure in Figure 5.17(d), that
incorporates a non-electrode gold layer on the bottom of the pnc-Si chip. A possible
explanation of the high flow rate is that this flow might be due to a combination
of two electrokinetic effects - the classical electroosmosis due to the electric field
acting on the double layer inside the pores, and induced charge electroomosis (ICEO).
ICEOQ is a recently discovered phenomena, similar to standard electroosmosis, except

that an externally applied electric field acts on its own induced bipolar electrical
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double layer at a polarizable electrically conducting surface in the electrolyte solution
[165]. ICEO at a non-electrode metal surface has been theoretically predicted and
experimentally observed on metal wires and particles in applied field [166]. Standard
electroosmotic velocity is linear in the applied field, and ICEO flow velocity has a
quadratic dependence of the electric field. ICEO flows can occur at any polarizable
surface in the presence DC or AC field (an AC electroosmosis is a subcase of ICEO),
and are composed of vortex-like flows [165, 167, 168]. The ICEO flow was shown to
combine with the EO flow by introducing gold strips into a dielectric (PDMS, glass)
microfluidic channel in DC field for particle manipulation [169, 170], and combining
linear electrokinetic effects with ICEO was proposed for pumping and mixing [167].
The measured flow of this pnc-Si pump (Figure 5.17(d)) is higher in one direction
(when the liquid volume on top pnc-Si surface increases) than in the other by approx-
imately two orders of magnitude. The higher flow rate is plotted in the Figures 5.18
and 5.19. This asymmetry in flow, which might be attributed to the assymetrical
geometry of the pump structure and the gold layer being on the bottom of it, supports
the proposed influence of the ICEO flow during pumping, as it is usually associated
with nonuniform surface properties [171, 172]. The only fact that contradicts the
ICEO influence, is that ICEO velocity was shown to significantly decrease at ionic
concentrations higher than 10 mM, but this effect is not well understood [173].

The power consumption values of the membranes in Figures 5.18 and 5.19 are
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approximately 30-300 uW for a, b, ¢ (at 0.2 V) and d pumps, and less than 0.1 nW
for the metallized ¢ (at 0.15 mV) pump. This considerable power reduction can be
attributed to the fact, that the voltage is applied directly across the 30 nm thickness
of the pnc-Si membrane, instead of across 200 pum thick wafer or across the solution

millimeters away from the membrane.

5.5 Conclusions

A method, relying on the directional nature of the e-beam evaporation technique,
was successfully developed for depositing electrically isolated gold electrodes on differ-
ent sides of the ultrathin porous membrane. The appropriate deposition parameters
that yield a continuous gold film of minimal thickness were determined. Using this
glancing angle deposition technique, a pnc-Si membrane based electroosmotic pump
was fabricated. It was shown that the pnc-Si membrane based pump can be used
to achieve high flow rates when low voltages are applied directly across the mem-
brane. These pumps are characterized by an extremely low power consumption. The
results indicate that pnc-Si membranes are promising for the fabrication of effective
EO pumps. However, a complete understanding of the pnc-Si pump performance
requires further investigation. To the best of our knowledge, our experimental results
are the first to put interesting questions related to the pumping mechanisms that arise

due to the complicated nanostructure of an ultrathin metallized pump into focus.
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Chapter 6

Conclusions and Future Outlook

In this thesis, an ultrathin porous nanocrystalline silicon membrane, fabricated
using standard semiconductor techniques, was demonstrated to benefit electrical sens-
ing and nanofluidics applications. In addition, we showed how the membrane can be
used as a novel platform to experimentally investigate gas transport phenomena. The
molecularly thin nature and unique pore distribution of the membranes were shown
to permit the gas flow separation into components based on the interactions of gas
molecules with the pore wall surface, and demonstrated the flow enhancement re-
sulted from the change in the nature of these interactions. We also integrated the
pne-Si membrane into a capacitive sensor for organic vapor detection, which allowed
fast vapor permeation to the underlying sensing layer and significantly simplified the
conventional sensor geometry. A novel method developed for fabricating electrodes
directly on pnc-Si enabled the fabrication of an ultrathin electroosmotic pump which

was demonstrated to operate under low applied voltages. In future work, we feel
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confident that pnc-Si will continue to be an interesting tool for both fundamental

research and specific nanoscale device applications.

6.1 Gas Flow through Carbonized Pnc-Si Mem-

branes

In Chapter 3, the gas flow enhancement in carbonized pnc-Si membranes due to
the change in the nature of molecule-pore wall interactions was demonstrated. Future
studies of this effect will help to bring to light more specific details about the influence
of the material structure on the gas flow. It was previously shown in our research
group, that high temperature carbonization of the pnc-Si membranes prior coated
with aluminum oxide using atomic layer deposition leads to the formation of ordered
carbon layers [53]. This ordering happens inside the pores at a much smaller carbon
thickness than during carbonization without alumina. Such membranes can be used
to investigate the influence of the degree of crystallinity of the carbon layer on the

gas flow since their average pore sizes are comparable to untreated pnc-Si.

6.2 Pnc-Si Based Capacitive Sensor Performance

The results described in Section 4 demonstrated the advantages of using pnc-Si

as a permeable plate in a capacitive sensor for chemical sensing applications. Further
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characterization of the sensor performance can improve this work. Specifically, such
important characteristics as the response and recovery times, and their dependency on
the average pore diameter in the pnc-Si membrane, and polymer thickness influence
on the sensor sensitivity need to be addressed. The sensor geometry can be optimized,
as higher active area and porosity of the pnc-Si membrane in the sensor will further
improve its characteristics. Additionally, pnc-Si membrane can be used to fabricate
a flow-through capacitive sensor using two membranes as permeable plates of the
capacitor. Since membrane and sensor fabrication are compatible with standard
microfabrication processes, there is the potential for an entire detection system to

ultimately be integrated on a single silicon chip.

6.3 Pnc-Si Electroosmotic Pump Optimization

In the Chapter 5, we have shown that efficient EO pumps can be built using
the pnc-Si membrane and that they exhibit a major advantage over other pumps
because of their extreme thinness. Our work also provided the insight into challenges
in building pnc-Si pumps that have to be overcome.

Two directions for further research of the ultrathin metallized pnc-Si EO pumps
should be explored. First, the deposition method for fabricating isolated electrodes on
the pnc-Si memebrane, relying on the directional nature of the evaporation technique,

can be further improved to minimize pore clogging. To do this, the quantification
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of the pore diameter reduction as a function of initial pore diameter and evaporated
metal thickness at different glancing angles needs to be performed. Also, a modifi-
cation of the deposition technique described in this thesis, that relies on the smaller
amounts of metal being deposited on the pore walls than on the pnc-Si surface dur-
ing deposition at normal incidence, can be explored for electrodes deposition. By
optimizing the metal thickness and its evaporation rate, the minimal metal thickness
that yields a conductive layer on the pnc-Si surface and results in a non-conductive
discontinuous metal layer inside pores, can be found [18].

The second direction for the future research on this topic is to study the pumping
mechanisms behind the pump with such a complicated nanostructre. This could be
undertaken with a series of flow measurements at various applied voltages for different
pump geometries.

Finally, the technique employed for isolated electrodes deposition and the pump

structure can be envisioned to study the electrical breakdown of liquids in nanogaps.
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