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Abstract

With the ever-increasing ubiquity of mobile consumer electronic devices comes the
rising demand for portable electric power. Current battery technology gives a very
modest energy return per weight or volume. Hydrocarbons have a significantly higher
energy density, and so fuel conversion systems only need to have several percent
efficiency to match and surpass the specific energy of conventonal batteries. Thus,
there is a strong market for successful portable fuel powered electric generators.

The goal of this thesis is to investigate the design of one such device, a two-
chamber microfabricated solid oxide fuel cell (SOFC). This device produces electric
current through the electrochemical oxidation of fuel through an ionic conductor.
Oxide ions permeate across a ceramic electrolyte membrane to react with the fuel,
driving electrons back around through the load. The focus of this work is to analyze
the behavior of these membranes to prevent failure as the device is heated to its
operating temperature near 800K.

Experiments and analysis of free-standing electrolyte membranes indicate that
failure is unavoidable over the required temperature range, and so supported struc-
tures are investigated. The results of experiments with a perforated nitride supported
membrane presented herein indicate the need for a more thorough understanding of
the thin film stresses responsible for membrane failure, as well as careful support
structures to accomodate these. Designs for future devices are presented to improve
stability and move closer to a final complete portable power system.
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Chapter 1

Introduction

With the progress of microtechnology came the proliferation of portable electronic
devices. Cell phones, laptops, and GPS receivers are but of a few of the many
devices which have almost become indispensable. These all require electrical power
to operate. Currently, this is supplied by various types of primary (single use) and
secondary (rechargeable) batteries. However, in terms of energy densities, batteries
store almost an order of magnitude less energy per weight or volume than hydrocarbon
fuels. One method of harnessing this hydrocarbon energy is through the use of fuel
cells, which electrochemically oxidize the fuel to generate power.

There are several types of fuel cells, of which most have been successfully oper-
ated in macroscale dimensions. Solid oxide fuel cells (SOFC’s), which function by
transporting oxide ions through an electrically insulating electrolyte, currently show
high efliciency and also allow the direct use of a hydrocarbon fuel rather than pure
hydrogen. However, to effectively use fuel cells to provide portable power, the systems
must be miniaturized to scale with the microelectronic devices. As such, this research
will be towards the realization of a microfabricated SOFC.

Miniaturization carries with it several challenges. One issue that must be dealt
with is heat transfer and containment. For a solid oxide fuel cell to function effectively,
the electrolyte must be kept at elevated temperatures, around 800 K. On a microscale,
the surface area to volume ratio is very high, and so heat is dissipated very quickly to

the surrounding gasses. Furthermore, the device is built on a silicon substrate, which
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acts as a significant thermal mass absorbing a large amount heat for even a small
temperature difference. A structure must be designed to minimize the power input
needed to keep the membrane at the appropriate temperature.

With the electrolyte, most often in the form of a membrane separating the fuel
and oxygen, needing to be at a high temperature, mechanical stability concerns be-
come relevant. At high temperatures, changes in the crystal grain structure of the
electrolyte material give rise to stresses in the film. With larger membrane dimen-
sions, this can cause fractures. A mismatch in the coeflicients of thermal expansion
between the membrane and the substrate also add stresses. Changes in geometry and
fabrication steps can have a strong impact on the mechanical robustness of a design.

The complete SOFC design additionally consists of thin film electrodes on cither
side of the electrolyte. These serve both as a catalyst for the appropriate half-reaction,
as well as a current collector conducting the electrons to and from terminals. These
need to provide enough triple-phase sites, where the gas meets the ionic and electronic
conductors, for the reaction to take place, while having sufficiently low resistance to
cause minimal power loss. The materials for these electrodes are often more complex
than the electrolyte and so introduce their own chemical and mechanical limitations.

These considerations, when all taken into account, create a tight design space in
which to work. The work presented in this thesis examines these conditions and their
impact on a successful design of a microfabricated SOFC. The insight gained through
experiments conducted over the year is presented, and the critical problems remaining
to be solved in order to achieve such a portable power device are identified. Designs

for future investigation of these challenges are also proposed.
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Chapter 2

Fuel Cells

2.1 General Fuel Cell Operation

2.1.1 Power Conversion

A fuel cell is a device that electrochemically oxidizes hydrocarbons in order to generate
an electric current. The crux of the device is an ionic conductor that separates the fuel
from oxygen. This electrolyte is an electrical insulator but transports ions between the
oxygen and the fuel. The various types of fuel cells differ in the operating properties
of this electrolyte, which usually transports either hydrogen or oxygen ions.
Electrochemical half-reactions occur at the interface of the electrolyte with cat-
alytic electrodes on each side. Electrons are given up at the anode and recombine at
the cathode. The circuit is then completed across a load. A schematic of fuel cell

operation is shown in figure 2-1.

2.1.2 Structure

Fuel cells must be designed such that fuel and oxygen do not combine directly with
each other but are forced to react through the electrolyte. The easiest way to achieve
this is by creating a two chamber fuel cell, as in the schematic in figure 2-1. The
fuel and oxygen are kept separate by the electrolyte and can only react via ions sent

through this membrane. The actual shape of these chambers is arbitrary; existing
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Figure 2-1: Schematic of a general fuel cell structure. Depending on the type of fuel
cell, the electrolyte can transport either hydrogen or oxygen ions.

designs include tubes, plate stacks, and channels.

It is possible to make a single chamber fuel cell, where a mixture of fuel and
air is sent over the electrolyte. The two specially selected electrodes would need
to strongly catalytically favor their respective half-reactions to prevent combustion.
The ions would then flow in the plane of the electrolyte between the electrodes. This

configuration is seen in figure 2-2.

2.1.3 Materials

The electrolyte properties are critical to the performance of the fuel cell. It must
have a high ionic conductivity to avoid transport losses but must also have a high
electrical resistance to force the generated current through the load. Furthermore, it
must be impermeable to the fuel and oxygen and itself not react reversibly with the
reactants, products, or associated species.

The electrodes must satisfy similar chemical compatibility requirements and have

a high electrical conductivity to minimize ohmic losses. They should also catalyze
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Figure 2-2: Schematic of a single-sided fuel cell structure

their respective half-reactions. Since the electrodes provide electron transport while
the electrolyte provides the ionic transport, each half-reaction can only occur at the
triple-phase boundaries where the gas and these two materials are all in contact. Thus,
the electrodes must either be porous to allow the gases to flow to the electrolyte, or

else consist of a composite including both electronic and ionic conductors.

2.2 Types of Fuel Cells

2.2.1 Proton Exchange Membrane Fuel Cell

The electrolyte in a proton exchange membrane (PEM) fuel cell (also known as poly-
mer electrolyte membrane fuel cells) is typically a hydrated polymer that is conductive
to hydrogen ions, or protons. It uses pure hydrogen as the fuel and ionizes it at the
anode. The protons are conducted through the electrolyte, while the electrons are

sent through the load. These combine with oxygen at the cathode to produce water.

H, — 2H*+2e~  (anode)
5024+ 2HT + 2~ — H,0 (cathode)
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Fuel cell performance is enhanced with increased proton conductivity at higher
temperatures, but the polymer electrolyte must be kept hydrated. Thus water restora-
tion systems are often required, and the maximum operating temperature is limited
to 80°C. These reduce the attractiveness of PEM fuel cells, and work is being done
to overcome this limitation [1, 16].

Additionally, a PEM fuel cell requires a highly pure stream of hydrogen fuel. Thus
a complete system requires either direct hydrogen storage or a hydrocarbon reformer

with a hydrogen purifier to provide the fuel.

2.2.2 Direct Methanol Fuel Cell

A direct methanol fuel cell (DMFC) operates very similarly to the PEM fuel cell
above, with methanol reacting with water at the anode to produce the hydrogen ions

and carbon dioxide.

CHsOH + H,O — CO,+6H™ +6e~  (anode)
30, +6HY +6e~ — 3H,0 (cathode)

The same structure (with different catalysts) can often be used as either a PEM or
DMFC, with the DMFC providing the added benefits of eliminating the need for pure
hydrogen [21].

However, methanol must be sufficiently diluted with water in order for the reaction
to proceed. Storing the methanol pre-diluted eliminates the benefits of using a fuel
other than hydrogen. Alternatives require sensors and feedback to maintain appro-
priate methanol concentrations but still lose efficiency over hydrogen based systems

[20].

2.2.3 Solid Oxide Fuel Cell

In a solid oxide fuel cell (SOFC), the electrolyte conducts oxygen ions generated at
the cathode to the anode. There, it combines with the fuel, generally hydrogen, to

produce free electrons. These are sent through the load to the cathode where they
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combine with oxygen to produce oxygen ions and complete the circuit.

Hy +0* — HyO+2e~  (anode)
302+2 = O (cathode)

There has been much research into oxide conductors for this electrolyte, which
tend to be complex rare earth oxides. The current popular choice for electrolyte
material is yttria-stabilized zirconia (YSZ), although other ceramics like gadolinium
doped ceria (GDC) are being investigated. These ceramics provide the requisite oxide

conductivity with good electrical insulation [9].

In order to achieve high oxide conductivities, the electrolyte must be kept at
a very high temperature. A minimum operating temperature, depending on film
thickness, in the hundreds of degrees Celsius is necessary to keep the losses through
the electrolyte below some threshold. This is shown in figure 2-3, taken from [5]. It
is seen that YSZ requires thinner films for a given operating temperature to achieve

losses comparable to GDC.

With the high electrolyte temperatures required for operation, it becomes possible
for an SOFC to use fuels other than hydrogen. The anode often provides catalytic
support for hydrocarbon reforming, thus producing hydrogen which in turn reacts
with the oxygen ions. It is also possible for the oxygen ions to combine directly with

the hydrocarbons themselves [13].

There are many materials under consideration for use as SOFC electrodes. Plat-
inum is an excellent conductor and catalyst, however it is expensive and must be made
porous to provide sufficiently many three-phase boundaries. Alternately, it can be
mixed with an ionic conductor to make a ceramic-metal composite (cermet). Nickel-
YSZ is another such cermet that is currently favored. Perovskites like lanthanum
strontium manganate (LSM) are part of an alternate class of electrodes. These are
mixed ionic and electric conductors that permit transport of both types of charged

reagents.
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2.3 Miniaturization

The high energy density of fuels makes it an attractive potential source of portable
power. Demand for electrical power in consumer appliances is ever-growing, and there
is always a call for smaller, cheaper, and more efficient sources. Currently batteries
service most of the portable electric needs but they store orders of magnitude less
energy per weight than hydrocarbon fuels. A power conversion device of only several

percent efficiency would then outperform batteries [20].

Thus, there has been much work into miniaturizing fuel conversion systems. These
range from simple devices that combust the fuels for heat to complicated turbine
driven generators. A combustive heat source can be coupled to a heat sink through
a thermopile to form a thermoelectric generator, as devised in [20]. It can be used to
radiate photons, which then produce electric power at a photocell in a thermopho-
tovoltaic generator as in [14]. Micromechanical gas turbine engines have undergone

much research also, for example in [7].
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The relative simplicity of fuel cell systems then makes it an excellent candidate
for miniaturization to provide portable power. This can be accomplished using con-
ventional manufacturing processes and fuel cell techniques but on a smaller scale, e.g.
in [4, 6, 18, 25]. However, it is also possible to use the microelectromechanical system
(MEMS) paradigm to microfabricate devices using batch IC processing techniques.

MEMS fuel cells carry several advantages over miniaturized conventional fuel cells.
Primarily, smaller dimensions can be achieved through microfabrication, allowing
for thinner electrolyte layers. This correspondingly reduces its ionic resistance and
allows for lower operating temperatures. Furthermore, conceivable MEMS designs
have potential for more ideal thermal strategies, in terms of inhibiting heat losses to
the environment while providing for efficient heat transfer when required [3].

Without any moving parts, microfabricated fuel cells become an attractive option
for the realization of a microchemical power production device. In fact, there has
been much prior research into designing such systems. Much of the work has focused
on PEM fuel cells, mostly due to their low operating temperatures [11, 17]. These
require a hydrogen fuel source, either directly or from the output of a complex fuel
reforming/purifying system. Either adds to the weight and volume of the final system,
negating much of the benefit over batteries.

Direct methanol fuel cells have also been attempted to overcome the requirement
of hydrogen fuel. However, these have problems with methanol cross-over at the
required concentrations for operation [6, 18]. Furthermore, both PEM and DMFC’s
require hydrated polymer membranes, with complicated water recovery or delivery
systems to maintain the electrolyte.

Solid oxide fuel cells, on the other hand, potentially allow for the direct utilization
of hydrocarbon fuels, with well studied electrode and electrolyte materials. The
primary challenge in microfabricating SOFC’s, then, is to handle the complexities
arising from their thermal requirements. The potential win from a successful micro
SOFC is thus worth the design effort, and there have been other attempts to create

such a device [11].
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Chapter 3

Design Considerations

The goal of this work was to create a microfabricated fuel cell. A single-sided SOFC
design calls for a highly explosive fuel/air mixture flowing over a catalyst at high
temperatures. Thus it was ruled out, leaving the two chamber design as the primary
target. It became quickly apparent that the major focal point for development work

needed to be on the membrane separating the fuel and oxygen flows.

3.1 Heat Transfer

Efficient operation of a solid oxide fuel cell requires that the electrolyte be heated
to high temperatures. Maintaining that temperature against room temperature gas
flows and in an ambient environment requires continuous power input. For the fuel cell
to be a viable portable power device, heat losses from the membrane must therefore
be minimized. The system should be designed to reduce conductive, convective, and

radiative losses.

3.1.1 Conduction

Conduction is the heat transfer from hot to cold regions through a generally solid or

liquid thermally conductive material. A temperature gradient gives rise to a heat flux
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® through the cross-sectional area of the conductor given by

¢ = -kVT

which for a one dimensional heat flow between two temperature reservoirs over length

L reduces to
k
O =——(Ty —Tp).
AL

If the membrane is supported by a room temperature substrate, a gradient will
develop over the surface. Heat will flow out from the heated reaction zone to the
colder edges. Analysis of a model membrane under uniform heating suggests that
even a slight temperature difference to the substrate incurs significant conductive
losses, with a power loss greater than can be expected for the device to produce [23].
This suggests that despite using a poorly conductive thin film membrane for thermal
isolation, membrane heating alone is not a viable solution.

This then requires the supports as well as the membrane to be kept at an el-
evated temperature. Since the final device must be usable in a room temperature
environment, conduction paths between the reaction zone and the packaging must be
eliminated. A microreactor has been designed in [2], which provides strong insulation
through the use of a reaction zone suspended by thin-walled silicon nitride tubes. The
small cross sectional area of the tubes coupled with the poor conductivity of nitride

slash conductive losses.

3.1.2 Convection

Convection is the transfer of heat from a surface through fluid motion. It actu-
ally follows a complicated dependence on surface type, fluid properties, and physical
geometries. However, the rate of heat transfer is proportional to surface area and
temperature difference between the surface and bulk fluid, with the constant of pro-

portionality empirically determined based on the other properties.

The membrane in the fuel cell will be surrounded on both sides by gas flows, and
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so convective losses cannot be eliminated. Forced convection will cause the exhaust
streams to carry away some of the heat from the membrane. However, less heat
gets transferred to the gasses the warmer they are, and so convective losses can be
minimized by heating the gasses before contact with the membrane.

A heat recovery system has been designed in a gas flow microscale chemical reactor
in [2]. In that, highly thermally conductive silicon busbars transfer heat from the
warm exhaust to the incoming room temperature gas flows. This system was shown
to reduce convective heat losses by up to 50% at reasonable flow rates.

Convection can also cause heat loss to the environment from any other heated com-
ponents of the final system. In a system where the device substrate is also heated,
energy can be dissipated to the surrounding atmosphere. This problem can be elimi-

nated by packaging the device in a vacuum; research into this scheme is ongoing.

3.1.3 Radiation

Finally, every surface also loses energy due to radiation based on its temperature.
This is characterized by the Stefan-Boltzmann law for radiative heat flux over the
area of the surface &:

d = eoT*

where € is the emissivity of the surface and ¢ = 5.67 x 1078 JK*m~2s7! is the
Stefan-Boltzmann constant.

Radiative heat losses are generally of a smaller magnitude than the other two
methods, nonetheless, it still dissipates energy. Appropriate design can minimize
conductive and convective losses, then bringing radiation to the forefront. Reducing
the emissivity of the surfaces of the heated regions, e.g. by coating them with low
emissivity materials, reduces the radiated heat flux. Also, by surrounding the heated
sections in reflective packaging, the radiated energy can be directed back at the device
to restore the heat.

An alternative is convert the radiated energy into electric power. Photovoltaic

cells are designed do just that, and there has been much research into such ther-
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mophotovoltaic power production devices. A design has been proposed in [14] to use

a heated microreactor to radiate onto a photocell to deliver portable power.

3.2 Thin Film Stress

The fuel cell stack in an SOFC device consists of thin films of materials formed by
chemical vapor deposition (CVD) anchored to a silicon substrate. This substrate
is etched away in regions to release the membranes. In addition to geometry, the

behavior of these membranes is strongly dependent on the stress in the thin films.

3.2.1 Thermal stress

Thermal stresses arise from thermal expansion behavior. As the temperature of a
material increases, the molecules experience a greater magnitude of thermal motion,
increasing the space occupied by the atoms. Most materials behave linearly, with a

change in linear dimension directly proportional to the temperature change

The proportionality constant is known as the coefficient of thermal expansion (CTE).

If a deposited thin film has a CTE different than that of the substrate material,
changes in temperature would result in a different amount of growth in the two. With
good adhesion of the film to the substrate, however, the film is constrained to expand
in the same manner as the much thicker substrate. This induced strain gives rise to

the thermal stress gy, over a temperature change AT

O = (@ — o) AT,

1—v

where E and v are the Young’s modulus and Poisson’s ratio respectively of the thin
film material, and « and «; are the CTE’s of the thin film and substrate [28].

If the thermal expansion coefficient of a thin film is greater than that of its sub-

24



strate, heating would drive the stress more compressive while cooling would drive it
more tensile. The opposite is true for films of lower CTE than the substrate. This
calculation gives the additional thermal stress in a film as its temperature changes
from a base case. If the film is unstressed at room temperature, than raising the
temperature would increase the magnitude of the stress in the film.

However, it is also possible to have a residual thermal stress in the film at room
temperature. Materials are often deposited at elevated temperatures. Near a signif-
icant fraction of the material’s melting point, the crystal grain structure can modify
itself on the structure to accommodate strain, thus creating an unstressed configura-
tion at higher temperatures. Then, the magnitude of the stress would increase as it

is cooled to room temperature, and decrease as the temperature is raised.

3.2.2 Intrinsic stress

As deposited, thin films can also carry a residual intrinsic stress in addition to thermal
stress, due to deposition processes and conditions. This can be tensile or compressive
in nature.

Compressive stress tends to arise from forward sputtering effects, also known as
atomic peening. Atoms arriving at the surface are driven into the existing crystal in
locations other than prescribed by the lattice points. The energy of impact as the
material is deposited can embed the arriving atom at these unfavorable locations, or
incoming atoms can knock already deposited atoms loose, which then travel deeper
into the film. The energy of this close packing of atoms is manifest in the compressive
stress. This is depicted figure 3-1.

Tensile stress in deposited thin films occur due to boundaries in the crystal grain
structure. Surface atoms have higher energy than internal atoms. Thus, surface
tension effects tend to pull isolated grain boundaries into spherical surfaces. However,
as grains come in contact with their neighbors, the surfaces would rather join to
minimize surface energy. This tends to “zip” up the boundaries, pulling the grains
closer together, and resulting in tension in the film. This is demonstrated in figure

3-2 taken from [15].
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Figure 3-1: Compressive stress in CVD thin films is caused by forward sputtering.
Incident atoms are driven into crystal structure, packing the atoms more tightly. [15]
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Figure 3-2: Tensile stress in CVD thin films is caused by the balancing of the grain
surface energy with the boundary energy. [15]
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These two effects provide competing stresses, and thus intrinsic stress in deposited
films can vary from strongly tensile to strongly compressive. Processing conditions
can affect the balance between these, and minor adjustments can drive a deposited

film from one side to the other.

3.2.3 Composite films

Stress considerations grow in complexity as film stacks are used. Individual film stress
components can be added based on thickness to give the overall membrane stress.
However, multi-layer stacks with different film stresses give rise to internal moments
along the membrane. In particular, a tensile film deposited on a compressive film
may have no net stress, but the internal bending moment may still cause it to be

deflected at rest.

Additional complications arise from the interface between the films. Differential
stresses between layers can overcome the chemical adhesion, and result in delamina-

tion. This behavior is very difficult to model, and is best treated experimentally.

3.3 Membrane Mechanics

3.3.1 Buckling

An unstressed membrane is initially in stable equilibrium in a flat configuration. As
compressive stress increases in the membrane, possibly by raising the temperature,
the membrane remains flat until a point. At this critical stress, the equilibrium
bifurcates, giving rise to a stable deformed equilibrium state, and the flat equilibrium
state becomes unstable. The membrane will then spontaneously deflect to a stable

cquilibrium configuration. This phenomenon is called buckling.

A circular membrane on a stiff substrate can be modeled as a plate with fixed

(clamped) boundary conditions. Analysis of this problem gives a critical buckling
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stress o, for a plate or radius b and thickness h [24, 26]

E [(h\’
Oor = —1.227— (5) .

It is immediately seen that thicker, smaller membranes are more robust against
buckling. However, this is contrary to fuel cell performance, where thinner films are
more efficient, and the reaction occurs across the surface area. Thus there is a tradeoff

that must be satisfied by appropriate design.

3.3.2 Bending

A membrane below the buckling limit may still adopt a deformed configuration. A
multilayered composite film structure with layers of different stress will have a bending
moment along the extent of the membrane. This moment will deflect the membrane
such that the stable equilibrium is in a deformed rather than flat configuration. The
curve will tend to be more gentle than those formed by buckling, but occur at lower
stresses. In fact, a nominally unstressed bilayer may experience bending regardless

of additional thermal stresses.

3.3.3 Fracture

Similar to the critical buckling stress for compressive membranes, there is a stress
above which a film in tension fails. This is primarily caused by the propagation of
cracks, which form near the fracture strength of the material, oy. This quantity carries
a complex dependence on a variety of factors, and is most often simply experimentally
determined or fit to numerical models.

It is important to note that this stress limit a local one, and fractures can develop
anywhere there is significant stress concentration. In particular, a significantly com-
pressive film may buckle, and develop ridges with a sharp curvature. The outer face
of this curve could undergo sufficient tensile strain to induce failure, and cause the

membrane to rupture. It is also plausible that this could occur in a simply bent film.
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3.3.4 Design Space

The above constraints on membrane failure due to buckling or fracture can be com-
bined with the analysis for induced thermal stresses to produce a design map for
membrane stability. The basic model gives the total stress in the film is the sum
of the intrinsic and thermal stresses, and it is this stress that must be between the
bounds of failure. Since the device must be stable at room temperature, the intrinsic
stress must be between o, and o;. Then, assuming a material of greater CTE than
the substrate, a maximum temperature change is allowable such that the total stress

remains less than o,.. This is diagrammed in figure 3-3 from [23].

29



Figure 3-3: The membrane thin film carries an intrinsic residual stress, compressive
to the left. With an imposed temperature change, the total film stress must remain
between the buckling and fracture limits in order to survive. With the requirement
that the membrane be stable at room temperature (AT = 0), the white triangle
contains geometries resistant to failure. [23]
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Chapter 4

Test Structures and Devices

4.1 Research Paths

The successful realization of a membrane based dual-chamber SOFC requires the
careful understanding of many different disciplines. The basic principle of the fuel cell
operation is fundamentally chemical in nature, and implementation requires specific
materials. A stable membrane structure must be designed around these materials that
can also satisfy the thermal and fluidic requirements of SOFC operation. Finally, this
device must be realizable in available microfabrication processes.

Indeed, this project is part of a multidisciplinary team, with various research
groups working in parallel on different aspects of the problem. Research was con-
ducted elsewhere on chemical composition and deposition techniques of the fuel cell
materials, structural modeling of the membrane, and complete system modeling. The
work done for this thesis focused on the design and fabrication aspects of creating a

SOFC device, and in particular the membrane support for the fuel cell stack.

4.2 FEtching and Chemical Compatibility

A key process step in many MEMS devices is the selective removal of material through
chemical etches. The structures fabricated in this work are no different.

The membranes are defined through the removal of silicon with a wet potassium
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hydroxide (KOH) etch. KOH has a strong etch selectivity to the {100} and {110}
planes over the {111} plane, and so masked features on a (100) Si wafer etch into
inverted pyramids with rectangular bases and {111} sidewalls. These walls are sloped
at 54.7°, and the released membranes will then be smaller than the mask feature
size. The relationship of the size of the membrane l,emprane Created by a given mask

dimension Iy, in a (100) wafer of thickness ¢ is:

] _ 2t
membrane — mask tan(54.7°) .

KOH etches silicon dioxide a thousand times slower than the {100} silicon plane
and does not etch silicon nitride at all, so both make good KOH hardmasks. SiO,
can be etched with hydrofluoric acid (HF) or a buffered oxide etch (BOE) solution of
HF and ammonium fluoride. Nitride, both stoichiometric and low-stress VIR, is dry

etched with in fluorine (SFg) plasma or wet etched in hot phosphoric acid.

It becomes important to ensure chemical compatibility with materials that may
come in contact with these etchants during processing. In particular, the fuel cell ma-
terials must be able to withstand the membrane processing, or be suitably protected
if they cannot. Earlier tests determined that YSZ was indeed resistant to KOH. An
SF¢ plasma etch was also shown to be highly selective to silicon and nitride over YSZ

and GDC [3].

To determine the selectivity of BOE, samples were prepared with YSZ and GDC
deposited on half a piece of silicon. Profilometry measurements determined the thick-
ness of the electrolyte layer. The samples were dipped in a BOE solution for a range
of times, then washed and remeasured. YSZ showed no thickness loss measurable
over the surface roughness, whereas GDC was completely etched away over a two

minute dip. Literature verifies the extremely slow etch rate of YSZ in HF [27].
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4.3 Free Standing Test Membrane Structure

The key impetus for developing a microfabricated SOFC is to allow for thinner elec-
trolyte films. However, regardless of the relative dimensions, the electrolyte is always
a dense film. The electrode layers are often desired to be porous, to allow a greater
number of three phase reaction sites. Thus, the initial design goal was to create an

electrolyte-supported fuel cell film stack.

As such, previous research on the structural stability of the required membranes
began with an analysis of free standing YSZ or GDC electrolyte films [3]. Square
membranes of varying side length are formed on a silicon die. Since the thin films need
to be deposited on a continuous surface, the membranes are released after deposition

by removing the silicon substrate with a wet KOH etch.

The process flow is diagrammed in figure 4-1. Initially, a low stress (VTR) nitride
layer is deposited over a 4” (100) silicon wafer in which to define a hard mask. This
mask, shown in figure B-1, is patterned in standard positive resist spun over the back
side of the wafer. Following development of the resist, which removes exposed resist
(in the clear regions of the mask), the plasmaquest reactive ion etcher is used to
etch the defined features clear of the nitride. The wafer is then ready to have the

electrolyte layer deposited.

Following the deposition, the wafer is etched in KOH to define the membranes.
The exposed circular regions etch into inverted square pyramids with {111} faces.
Since the mask is circular, small deviances in alignment of the mask with respect to

the crystal axes still result in squares of the same dimension.

The final step is to release the free standing membranes to leave only the electrolyte
material. Since the nitride is to be removed in a reactive ion etch, it needs to be
timed to avoid affecting the electrolyte film. This is calibrated by masking off some
membranes during the electrolyte deposition and then examining these after the timed

etch. The correct etch would completely clear these membranes of material.

A slightly modified process, based on the “holy” membrane process explained in

the following section, was later adopted instead. This is listed in appendix A and
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a)

b)

c)

d)

e)

Figure 4-1: Stages in the process to create an array of test membranes: (a) VTR
(low-stress) nitride coated (100) wafer (b) Membrane cavity hardmasked in nitride
by etching through photoresist mask (¢) Membranes formed in KOH (d) Fuel cell
materials deposited on top of membrane. (e¢) Membranes released with nitride etch.
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d)

e)

Figure 4-2: Stages in the revised process to create an array of test membranes: (a)
Nitride and oxide coated (100) wafer (b) Membrane cavity hardmasked in nitride
and oxide and frontside nitride stripped (c) Membranes formed in KOH (d) Fuel cell
materials deposited on top of membrane. (e¢) Membranes released in BOE.

diagrammed in figure 4-2. It eliminates the need for a precise timed etch, as well as the
dependence on the unreliable VTR nitride tube, which is often down for maintanance.
This process was used both with the square membranes, as well as a set of membranes

of varying aspect ratios, as shown in figure B-2.

A thermal oxide is first grown on the bare silicon wafers, following which a sto-
ichiometric nitride layer is deposited. The thicknesses are selected to balance the
residual stresses in these films. The membrane geometries are hardmasked in both of
these layers, and the nitride is completely stripped off of the front. The rest of the

process proceeds as above, but instead of a timed nitride etch to release the mem-
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brane at the end, a BOE wet etch is used to remove the oxide layer completely. This
process can only work with YSZ membranes, as GDC would also be etched by the
BOE.

4.4 Perforated Support Membrane Structure

Since free-standing electrolyte films proved to be too brittle and prone to failure, sup-
ported membranes were examined as a potential solution. The structure is adapted
from a design of a palladium film hydrogen purifier proposed in [8]. A silicon ni-
tride/silicon dioxide bilayer is used to provide a stiffened anchor plane for the active
film, which is open to gas flows on both sides through circular perforations in the
film.

This design also has integrated resistive heaters and temperature sensitive resistors
(TSR’s) on the membrane, allowing for direct examination of thermal properties of
the membrane.

The original holy membrane process is listed in appendix C and diagrammed in
figure 4-3. A layer of thermal oxide is first grown on a (100) Si wafer, followed by
the deposition of a layer of stoichiometric nitride SizN4. The thermal oxide carries a
compressive residual stress, as is to be expected from the insertion of oxygen atoms
into the silicon crystal lattice. Stoichiometric nitride, on the other hand, is strongly
tensile. The stresses in these films are balanced to minimize later membrane defor-
mation.

The back side of this wafer is patterned in standard positive photoresist with mask
in figure D-3. This defines the flow channels formed by the release of the membranes.
The nitride is removed with a dry etch in SFg and the oxide is removed with a BOE
dip, thus forming the KOH hard mask.

The perforations that will eventually allow gas flow to the membrane are then
patterned on the front side of the wafer in much the same way with the mask in
figure D-5. Only the nitride is etched away this time. The perforations must be

aligned with the flow channel mask features to ensure they end up within the released
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b)

Photoresist

c)

Ta/Pt/Ta

d)

e)

Membrane Material

Figure 4-3: Stages in the process to create a perforated nitride supported (“holy”)
membrane device: (a) Nitride and oxide coated (100) wafer (b) Flow channels hard-
masked in nitride and oxide layers by etching through photoresist mask (c) Perfora-
tions etched in nitride through photoresist mask (d) Ta/Pt/Ta metalization deposited
through image-reverse photoresist pattern (e) Membrane released in KOH (f) Fuel cell
materials deposited onto backside of membrane. Once the perforations are opened
with BOE, the device is ready to test.
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membrane boundary. This is accomplished with complementary registration marks
on both masks, using back-side alignment on the EV1 mask aligner/exposer.

Once the hardmasks are patterned, the metalization for the heaters and TSR can
then be deposited. The geometry for these is defined with a liftoff process, and is top-
side aligned with the registration marks from the perforation mask. The metalization
mask in figure D-8 is patterned in image-reverse photoresist. The exposed areas
remain upon developing, and so the dark field is cleared of photoresist. The e-beam
evaporator is used to coat the front side with a tantalum adhesion layer, the platinum
metalization layer, and another tantalum passivation layer. The metals adhere to the
wafer only in areas free of resist, and so an acetone dip dissolves away the remaining
resist, removing the metal in those regions.

The membranes are then released with the silicon etch. To protect the metaliza-
tion, a Teflon chuck is used that only permits the wafer backside to contact the KOH
solution. KOH has a strong selectivity over SiO,, and so the etch stops on the oxide
layer. The fuel cell materials can then be deposited onto the wafer from the back.
The oxide layer is still continuous along the membrane, so a continuous dense film is
formed. The perforations are then opened up with a timed BOE dip to remove the
oxide and expose both sides of the fuel cell film.

This process was modified slightly later to improve yield and provide more com-
prehensive data about the fuel cell stack materials. The membranes formed are very
fragile, and so minimizing the amount of processing after their release should lessen
breakage. Thus, the films are deposited before the KOH etch on the front side instead
of the back. The high aspect ratio of the perforation holes, 4um in diameter but only
300nm deep, allows the deposition to conformally coat the hole walls and preserve a

continuous film.

To prevent the fuel cell materials short circuiting the heaters and TSR’s, an insu-
lating layer is used to cover the metalization. The insulation is formed with the mask
in figure D-11 in a sequence similar to the metalization, using liftoff on an e-beam
evaporated film of aluminum oxide. The final etch in BOE removes the entire oxide

layer from the backside flowchannel, and so the SOFC film(s) are supported only on
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a perforated nitride membrane.

4.5 Composite Film Test Membrane Structure

It became apparent that the supported film above did not immediately resolve the
structural problems with membranes involving the fuel cell materials. In fact, by cre-
ating membranes of multiple layers of thin films, stress analysis became increasingly
difficult. The earlier free-standing membrane structures were revisited to experimen-
tally characterize behavior in multi-layer film stacks.

Leaving the stoichiometric nitride on the front side of the wafer before depositing
the fuel cell stack allows the characterization of nitride and nitride/oxide supported
film stacks. The original process without the final timed etch can also be used to
explore stacks supported on a VTR nitride layer. These wafers can be measured for
residual stress in the film stack after the depositions. Following release, they can be
thermally cycled to explore the effects of geometry and film stack composition on

mechanical stability.
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Chapter 5

Testing Results

5.1 Electrolyte Selection

Prior work characterized free-standing square membranes of electrolyte thin films.
Two leading options for the electrolyte material, yttria-stabilized zirconia (YSZ) and
gadolinium doped ceria (GDC) were examined, with deposition methods including
electron beam (e-beam) evaporation and RF sputtering. These films were heated to
investigate membrane robustness.

The test structure had square membranes ranging in side length from 65um to
1065um . All of the membranes formed in this method fractured at temperatures
below 700K. Since the minimum temperature for SOFC operation is nearer 800K,
free standing electrolyte supported membranes were determined to be inadequate.
The collected data is presented in [3]. The tests were useful, however, to narrow the
design space as work on supported membranes began.

It was quite evident that the YSZ films were more robust to processing steps as
well as thermal treatment than the GDC films. Furthermore, the e-beam evaporated
YSZ films tended to have a residual tensile stress, while the sputtered films were
compressive, and emerged from deposition buckled. Annealing of the sputtered films
for an hour at 600°Cin air relieved the compressive stress and flattened out the film.
However, annealing of the e-beam evaporated film, as well as more aggressive anneal-

ing of the sputtered film, resulted in the tensile fracture of the membrane, as seen in
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500.00

Figure 5-1: As deposited sputtered YSZ membrane buckled due to intrinsic compres-
sive stress on the left; tensile fracture of e-beam evaporated YSZ membrane following
anneal on the right.

figure 5-1.

With a CTE of 10 x 107 for YSZ compared to silicon’s 3 x 107% [23], this tensile
fracture behavior was certainly unexpected. The membrane would have developed a
significant compressive thermal stress upon heating. It was apparent that there were
other effects than thermal expansion dictating membrane behavior. It is believed that
crystal grain growth is a major contributor.

With the failure of free-standing membranes of sufficient size to survive required
temperatures, it was decided that future development work should focus on the de-
sign of a supported membrane structure. Based on the results of the heating tests,

sputtered YSZ was chosen as the electrolyte layer.

5.2 Supported Membranes

Since large free-standing YSZ membranes were unable to withstand the required
temperature range, it was necessary to look into supported membranes. The “holy”
membrane proposed in [8] had demonstrated success at supporting non-structural
thin palladium films, and so it was decided to adapt that design to support the fuel
cell materials.

Several runs were made using the initial perforated membrane process. The sup-

port membrane itself was far from mechanically robust; care had to be taken during
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processing and handling to minimize breakage of the fragile structures. Problems be-
gan at the KOH etch. Some membranes tended to break upon release, and the wafer
itself sometimes cracked along fractures initiated at KOH etched corners. The solu-
tion was to carefully tighten and loosen the wafer chuck equally around, and monitor
the etch closely to avoid drastic overetch.

Dicing the wafer into individual devices also proved disastrous, destroying most
of the membranes under conventional conditions. The membranes could be protected
with a layer of photoresist, airbrushed over the membranes to avoid contact. Lowering
the blade speed and water flow rate on the diesaw also improved membrane survival.
These precautions allowed sufficient device yield to enable deposition of the electrolyte
material.

The sputtering conditions used were the same as previously used for the free-
standing membranes, and so also were expected to produce highly compressive films.
Indeed, the first few devices came out of the sputterer with buckled membranes, as
seen in figures 5-2 and 5-3. It was decided to anneal these membranes to corroborate
the earlier observations of compressive stress relief.

There were two different annealing methods used. A full wafer of released mem-
branes was put in the anneal tube in TRL under a nitrogen flow, and several individual
devices were annealed in the Tuller lab in a reducing atmosphere of Hy/Nj. In both
cases, all membranes were fractured coming out of the anneal.

A likely candidate for the failure on the full wafer was thermal shock. The anneal
tube was initially at 600°C, and so the wafer experienced a rapid temperature increase,
blowing out the membranes. The devices annealed in the Tuller lab, however, were
ramped at 5°C/min up from and down to room temperature, and still failed. It
was hypothesized that the anneal atmosphere was responsible, possibly altering grain
formation and growth.

Another run of these devices was attempted. In addition to the low yield, an
additional problem was encountered. An airbrushed layer of resist was used to protect
the fragile membranes during handling and processing. In the sputterer, however, the

wafer got too hot, and hardbaked the resist. It was unable to be removed with acetone,
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Figure 5-2: A holy membrane is buckled after YSZ deposition. This picture was taken
at 5x zoom under polarized light to enhance contrast of the waves.

Figure 5-3: A closer look at the buckling on a supported YSZ membrane. The
perforations in the nitride layer are clearly visible. This picture was taken under
white light at 20x magnification.
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Figure 5-4: A YSZ holy membrane after anneal shows darker regions where the
YSZ film has delaminated from the nitride support. This picture was taken at 20x
magnification.

as well as a variety of stronger cleaning solutions. A piranha (4:1 HySO4:H505) clean
was the only process able to remove the photoresist, however, it also destroyed the

membrane.

A final device did emerge from from the sputterer in a condition for suitable
processing. After deposition, the membrane was surprisingly unbuckled. This was
annealed to 500°Cfor an hour in air, with a slow ramp rate, and emerged intact.
However, micrographs of the device revealed another failure mode. The YSZ film
appeared to have delaminated from the nitride support in localized regions, and then
buckled where it left the support. This is shown in figures 5-4 and 5-5. This membrane

eventually broke due to handling.

As an aside, e-beam evaporation of the YSZ films was briefly revisited to alleviate
the bottleneck on the RF sputterer in the Tuller lab. A device was fabricated with
a flat membrane following the evaporation. The resistive heaters on this device were

then used to raise the temperature at a degree per minute ramp rate, as measured
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Figure 5-5: A closeup look at 100x on the delaminated regions shows the YSZ film
has buckled where it is not bound to the nitride support.

by the TSR. The membrane underwent tensile fracture, as expected from the free-
standing film studies, near 258°C. The remains of the membrane are seen attached

to the silicon substrate in figure 5-6.

It became apparent that further understanding of YSZ thin-film stresses was
needed before membrane devices could be successfully implemented. A final shot-in-
the-dark wafer was run with the modified holy membrane process in the hopes that
all the pieces might magically fall into place. An entire fuel cell stack was deposited,
with co-sputtered platinum-YSZ layers for the electrodes. Platinum, however, has
poor adhesion to silicon nitride, and the residual stress in the Pt-YSZ film proved to
be too strong. The film cracked and peeled off of the wafer, as seen in figure 5-7, and

no useful data was able to be obtained.
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Figure 5-6: Pieces of an e-beam deposited YSZ supported membrane remain attached
to the substrate following tensile fracture. The membrane was heated with the on-
board resistors and failed at 258°C.

Figure 5-7: The stress in this Pt-YSZ/YSZ/Pt-YSZ film stack was greater than the
adhesion to the substrate, and so it delaminated and cracked.
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5.3 Stress and Film Characterization

The range of observed membrane behaviors in different runs of what was meant to
be the same process indicated that a greater understanding of the underlying effects
was required. In particular, film stress dominated membrane behavior, and so it
became a priority to predict and control these stresses. Since the added difficulties of
multi-layer film stacks also became evident through the previous experiments, both

electrolyte and electrode layers needed to be examined.

5.3.1 YSZ Electrolyte Films

The different membrane configurations, namely buckled and flat, observed after sput-
tered YSZ deposition on holy membrane devices indicated a non-constant film stress.
Thus, the effect of processing parameters in the RF sputterer on the resulting film
stress was investigated. Films were deposited on one side of a wafer, of which the
curvature was measured before and after deposition. The stress of the film could then

be calculated from the change in wafer bow.

Many variables could be adjusted; in particular, the applied RF sputtering power,
base pressure, atmosphere composition, and substrate temperature were varied. All
of these did in fact affect the residual stress in the deposited YSZ films. However, the
most significant impact was carried by the base pressure in the sputtering chamber.
At low pressures, below 20 mTorr, the deposited films carried a strongly compressive

stress. However, above that threshold, the stress became tensile.

At a low base pressure in the chamber, there are few gas molecules to impede the
sputtered species on their way to the substrate, and atomic peening effects dominate.
As the base pressure increases, the mean free path of incident species decreases due
to greater collisions with gas molecules before hitting the surface. Thus, the effects
of atomic peening decrease until the grain boundary effects dominate, resulting in
tensile residual stress. This range implies an ability to tune the room temperature

stress, and so optimize the film in design space as described in section 3.3.4.
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5.3.2 Pt-YSZ Electrode Films

Due to the complexity of the specialized electrode materials, deposition techniques
and processes are still being examined, so a parametric analysis is still in the future.
However, an interim solution is to use a co-sputtered platinum-YSZ cermet film. The
platinum serves as a catalyst and current collector, while the YSZ acts as the ionic
conductor. Provided each is sufficiently continuous to allow electronic or ionic flow,
respectively, the Pt-YSZ film could function as either electrode.

In addition to residual stress, these films also need to be optimized for electric and
ionic conductivity. The electrochemical performance is closely tied to the microstruc-
ture of the cermet. These are all affected by the aforementioned parameters, including
the relative RF power applied to the platinum and YSZ targets, which controls the

relative composition. Experiments to characterize these parameters are ongoing.
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Chapter 6

Proposed Designs

6.1 Membrane Robustness

The critical point of the fuel cell is the active membrane separating the fuel and
oxygen flows. In order to realize a functioning microfabricated solid oxide fuel cell,
the problems with the membrane failures must be solved. While work continues on
managing the stress in the fuel cell stack thin films, alternate membrane designs are
also being considered. There are a variety of alternate fabrication schemes that could

potentially improve the mechanical robustness of a membrane.

6.1.1 Honeycomb Supported Membranes

The currently examined design used a perforated nitride film to provide a stiffened
support for the brittle SOFC film stack materials. The increase in stiffness required
a greater stress to induce buckling, thus proving favorable over a free-standing SOFC
stack. However, it did not completely eliminate buckling, and so still ultimately led
to failure upon heating at temperatures below those required.

An alternative to the perforated nitride support film is to support the fuel cell
stack with a honeycomb structure. This isogrid support would consist of a lattice of
tall nitride walls under a perforated nitride film. The fuel cell stack materials could

then be deposited on this layer as in the current design. The height of the walls could
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be several times the thickness of the nitride film, resulting in a much stiffer structure.
Thus, buckling would require much higher stresses, allowing for a greater range in
operating temperatures of the device.

Such a membrane could be fabricated by etching narrow trenches in the silicon
where the honeycomb walls should be. An isotropic oxide growth followed by nitride
deposition would then fill in the trenches to create the walls. Holes in the nitride layer
would be patterned between the walls, and the rest of the procedure would be similar
to the current test device. The silicon etch would leave just the nitride supported
membrane. This process is diagrammed in figure 6-1.

This method has been used in [19] to fabricate a cantilevered beam. The honey-
comb membrane sections were demonstrated to be much stiffer than the nitride film

membrane alone.

6.1.2 Corrugated Membranes

Another method of stiffening the membrane is to introduce corrugations. As with
the isogrid structure, this too can serve to increase the strength of the supporting
membrane. A regular pattern of ridges or depressions increases the second moment
of the plate, making the structure more resilient to intrinsic stress. Various geometries
of corrugated membranes have been shown to suppress bending due to deposited film
stress in [10].

Depending on the design, however, corrugations in a membrane can also make
it compliant. Linear corrugations tend to stiffen along an axis perpendicular to the
ridges, but allow bending along the ridges. This property can be used to surround
the active area on a membrane with a compliant boundary. Stresses in the membrane
can then be compensated by deformation of this boundary.

This technique has already been used in a variety of devices. In [22], a single
corrugation was used to compensate for intrinsic film stress on a deposited thin film
membrane. The observed curvature of a free-standing silicon nitride membrane was
lower when surrounded by the trench. It also drastically lessened the deflection of

the membrane due to thermal stresses. Since a possible failure mode of the fuel
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Figure 6-1: Stages in a proposed process to create a honeycomb supported membrane
device: (a) Nitride coated (100) wafer (b) Trenches hard masked in nitride etched into
silicon (c¢) Oxide grown and nitride deposited to fill in trenches following stripping
of previous nitride mask (d) Perforations hard masked in nitride, low channels hard
masked in nitride and oxide, and metalization and insulation deposited (e) Fuel cell
stack deposited on device (f) Membrane released in KOH and perforations opened
with BOE.
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cell membranes is buckling until fracture, minimizing curvature could significantly
improve the robustness of a design.

Corrugations can be formed similarly to the isogrid above, by shaping the silicon
substrate before deposition of the support layers. Instead of making narrow trenches,
however, wide depressions would be etched in the silicon. After stripping off the etch
hardmask, an isotropic silicon etch can be used to round off the corners. Subsequent
deposition of oxide and nitride will conform to the depressions. Upon release, then,

the membrane will be corrugated [12]. This process is diagrammed in figure 6-2.

6.2 Integrated Portable Power System

Once a successful design for the fuel cell membrane can be fabricated, the next step
is to construct a system around it. Incorporating the SOFC component with the
associated plumbing and packaging should result in a complete portable power device.
Ideally the system would be a self-contained device that only takes in fuel and air,
and produces exhaust and electrical power.

The SOFC requires that the membrane be heated to high temperatures during
operation. To maximize net electrical power out, it would be beneficial to eliminate
the resistive membrane heaters in favor of a chemical heat source. A suspended
microreactor has been designed in [2], and provides a promising method of heating
the structure through the combustion of fuel. Additionally, this burnbox has strong
thermal isolation properties, thus minimizing the power input required to maintain
the SOFC at temperature.

A power generation device could be conceived wherein thin-walled silicon nitride
tubes deliver fuel and air to an isolated stack of subdevices. Combustion could take
place in the burnbox, which would provide heat for the other reactions. A capped
fuel cell device similar to the test devices could be bonded to the top of the burnbox,
with ports providing the gas flows. This device is illustrated in figure 6-3.

This device is in many ways an ideal prototype system. The two components,

namely the combustion box and the fuel cell membrane, are mostly independent.
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Figure 6-2: Stages in a proposed process to create a corrugated membrane device: (a)
Nitride coated (100) wafer (b) Depressions hard masked in nitride etched into silicon
(c) Oxide grown and nitride deposited to conform to corrugation pattern following
stripping of previous nitride mask (d) Perforations hard masked in nitride, flow chan-
nels hard masked in nitride and oxide, and metalization and insulation deposited (e)
Fuel cell stack deposited on device (f) Membrane released in KOH and perforations
opened with BOE. This schematic illustrates the corrugations being used to make
the boundary compliant; they could instead be placed throughout the center region
membrane to make it stiffer.
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Figure 6-3: A possible design for an integrated SOFC based MEMS power source
consists of thin-walled nitride tubes (yellow) feeding gasses to a suspended reaction
zone. (a) Top view (b) Cross section through heavy dotted line. Combustion in the
outer tube in the bottom block provides heat for operation of the SOFC bonded atop
it. The silicon busbars (grey) across the tubes recover heat from exhaust gases, and
the device would be vacuum packaged to further minimize energy loss.
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They can be fabricated in separate processes, and get bonded right before the final
release of the nitride tubes. Thus, most processing issues can be limited to devices
that have both received much previous attention.

It also incorporates many of the desired qualities of a SOFC portable power sys-
tem. The suspended microreactor architecture with a vacuum packaging scheme ef-
fectively reduces heat loss to two sources: conduction along the silicon nitride tubes,
and convection through the gases exiting the device. Silicon nitride is an excellent
thermal insulator, and with the thin walls of the tubes, provides minimal heat loss.
The silicon bus bars in the reactor recover much of the heat of the outgoing gases to
preheat the incoming gases. Thus, more efficient power conversion can be achieved.

Furthermore, this puts the entire membrane substrate in direct contact with the
heat source. Silicon being an excellent heat conductor, the entire stack can largely
be considered isothermal. In particular, the silicon anchors for the SOFC membrane
will also be at an elevated temperature. This eliminates the thermal stresses in the
membrane caused by a non-uniform temperature distribution. With an isothermal
membrane and boundary, then, tuning the membrane stress becomes easier, and
failure can be more accurately avoided.

This stack can potentially be expanded to include other units, such as a fuel
processor/reformer or purifier. The reformer has already been integrated with the
burnbox in [2], and the purifier in [8] is of the same form as the fuel cell membrane
design. Thus, extending the stack to include these components is a conceivable future

design.
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Chapter 7

Conclusion

The work presented in this thesis highlights the difficulties inherent in creating a
microfabricated solid oxide fuel cell. The operation of a dual-chamber SOFC requires
a membrane based structure, and it is this membrane that is the central failure point.
The ultimate goal of creating a portable power system is dependant on making this
robust enough to survive SOFC operating conditions.

Free standing electrolyte membranes are unstable over the required temperature
range, with film stresses invariably resulting in their failure. Thus, a structure must be
designed to support the electrolyte. A perforated nitride film support was attempted,
but this device is also unable to survive high temperatures.

As with the free standing films, the intrinsic residual stress of the electrolyte
typically results in the supported membranes buckling on deposition. Nearly all of
these membranes survive deposition intact though, whereas some of the free standing
films emerge fractured. However, all fail similarly under annealing or other heating.

These tests result in the observation that there are two fronts that must be pur-
sued in order to achieve a functional fuel cell. The stresses in the films need to be
understood and controlled, and a structure needs to be designed that can accomodate
large stresses. These investigations have since begun.

YSZ thin films show different stress related behaviors under different deposition
and operation conditions. Once this is understood, the correlation between stress

and temperature change can be exploited to maximize stability. Also, the additional
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complications arising from the multi-layered oxide/nitride/YSZ stack demonstrate
the necessity for characterization of all the films including the electrode layers, as
well as the stack as a whole.

The currently observed film stresses are such that an additional nitride layer in
the membrane is insufficient to prevent failure. Thus, alternate designs are being
examined. A honeycomb support with tall thin nitride walls has potential to make
the membrane much stiffer and thus resistant to buckling. This stiffening can also
be accomplished with corrugations. The physical effects of film stress can be further
reduced by surrounding the membrane with a compliant corrugated boundary.

A more robust structure coupled with better stress management in the films should
allow for a stable membrane device over the required range of temperatures. This
seems a promising path forward, which should result in a microfabricated SOFC. This

can then be integrated into a complete portable power system.
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Appendix A

Test Membrane Array Process

Flow

Table A.1: Revised Test Membrane Array Process

Processing on 4" (100) p-type double-side polished silicon wafer

Color | Step | Description Equipment Lab
Black 1 RCA clean wafers rcal ICL
Green 2 Oxide growth, 250 nm 5D-FieldOx ICL
Green 3 Nitride growth, 300 nm 6D-Nitride ICL
Green 4 apply HMDS HMDS ICL
Green ) apply resist to both sides coater TRL
Green 6 pattern backside resist with membrane ge- | EV1 TRL

ometry (mask B-1 or B-2)

Green 7 develop resist photo-wet TRL
Green 8 post-bake resist postbake TRL
Red 9 backside etch nitride layer plasmaquest TRL
Red 10 | backside etch oxide layer acid-hood TRL
Red (11) | frontside etch nitride layer plasmaquest | TRL

Continued on next page
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Table A.1 — continued from previous page

Color | Step | Description Equipment Lab

12 | Deposit fuel cell layers * *

13 | Backside KOH etch (with chuck to protect | Schmidt Hood | SGL

front)
(14) | BOE etch wafers to release membranes acid-hood EML
15 | die cut wafers into individual devices diesaw ICL

Parentheses denote an optional step, based on desired membrane configuration.
* The deposition of the fuel cell stack can cither be done on the e-beam evaporator

in EML, or the RF sputterer in Harry Tuller’s Lab.

Notes

Step 2: Recipe 3W1000 for wet oxidation, runtime 00:25:00 hh:mm:ss. Grow oxide
on an additional SSP monitor wafer to use for metrology to measure actual

thickness.

Step 3: Recipe 775 DEP for nitride deposition (23 A/min), runtime 02:12:00 hh:mm:ss.
Grow nitride on an additional SSP monitor wafer to use for metrology to mea-

sure actual thickness.

Step 5: Use standard positive resist, dispense for 5s at 500 RPM, spread for 5s at
750 RPM, spin for 30s at 2000 RPM.

Step 9: Plasmaquest etcher holds wafer with 3 pins, one of which is directly opposite
the major flat. Thus n-type wafers are prone to slip off this pin and shatter
when the arm comes in. To avoid this, use p-type wafers. Run dummy wafers

first to stablize chemistry and calibrate power.
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Step 10: BOE dip for approximately 4 minutes, or until features look silver. Dewet-

ting is difficult to observe in such small features.
Step 11: See step 9.

Step 15: To prevent membranes from breaking in the diesaw or with future handling,
protect them with photoresist. The airbrush in EML can be used after the KOH
etch to coat the frontside with resist without touching the membranes. This
can then be rinsed off in acetone prior to use. A lower water flowrate on the

diesaw might also be necessary.
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Appendix B

Test Membrane Array Masks

VA

Figure B-1: Nitride etch mask for square variable area test membranes



Figure B-2: Nitride etch mask for variable aspect ratio test membranes
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Figure B-3: Die-level nitride etch mask for variable aspect ratio test membranes

Aspect ratio

Area (um ?2) 1:1 4:1 9:1 16:1
108 a, 1000x1000 | b, 2000x500 | c, 3000x333 | d, 4000x250
2.5 x 10° e, 500x500 | f, 1000x250 | g, 1500x166 | h, 2000x125
62500 i, 250x250 j, 500x125 | k, 750x83.3 | 1, 1000x62.5
10000 m, 100x100 n, 200x50 | o, 300x33.3 | p, 400x25
2500 q, 50x50 r, 100x25 s, 150x16.7 | t, 200x12.5
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Table B.1: Nominal membrane dimensions for given area and aspect ratio (in ym )
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Appendix C

Holy Membrane Process Flow

Table C.1: Holy Membrane Process

Processing on 6” (100) double-side polished silicon wafer

Color | Step | Description Equipment Lab
Black 1 RCA clean wafers rcal ICL
Green 2 Oxide growth, 250 nm 5D-FieldOx ICL
Green 3 Nitride growth, 300 nm 6D-Nitride ICL
Green 4 apply HMDS HMDS ICL
Green 5 apply resist to both sides coater TRL
Green 6 expose and pattern backside resist to flow | EV1 TRL

channel mask (mask D-3)

Green 7 develop resist photo-wet TRL
Green 8 post-bake resist postbake TRL
Green 9 backside etch nitride layer LAM490B ICL
Green | 10 | backside etch oxide layer using BOE OxEtch-BOE ICL
Green 11 | piranha remove photoresist Premetal-Piranha | ICL
Green 12 | apply resist to front of wafer coater6 ICL

Continued on next page
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Table C.1 — continued from previous page

Color | Step | Description Equipment Lab

Green | 13 | expose resist to perforations mask (mask | EV1 TRL
D-5)

Green 14 | develop resist photo-wet TRL

Green 15 | post-bake resist postbake TRL

Green | 15 | etch nitride layer LAMA490B ICL

Green 16 | piranha remove photoresist Premetal-Piranha | ICL

Green 17 | apply image-reverse photoresist to front coater TRL

Green 18 | expose resist to circuit mask (for heaters, | EV1 TRL
temp sensor, mask D-8)

Green 19 | mid-bake resist prebake TRL

Green | 20 | develop resist photo-wet TRL

Red 21 | apply Ta/Pt/Ta metal layer to top | eBeamAu TRL
(10:200:20 nm)

Red 22 | lift-off resist and unwanted Pt/Ta with | photo-wet TRL
acetone

Red 23 | Nanostrip wafers to clean acetone residue | acid-hood TRL

Red 24 | apply image-reverse photoresist to front coater TRL

Red 25 | expose resist to insulation mask (mask D- | EV1 TRL
11)

Red 26 | mid-bake resist prebake TRL

Red 27 | develop resist photo-wet TRL

Red 28 | apply alumina layer over metallization (10 | eBeamAu TRL
nm)

Red 29 | lift-off resist and unwanted alumina with | photo-wet TRL
acetone

Red 30 | Nanostrip wafers to clean acetone residue | acid-hood TRL

Continued on next page
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Table C.1 — continued from previous page

Color | Step | Description Equipment Lab
Red 31 | Backside KOH etch (with chuck to protect | Schmidt Hood SGL
front)
Red 32 | post-KOH clean, double | acid-hood TRL
NH40H:H202:H20 @ 800C and 50:1
HF Dip ( RCA)
Red 33 | anneal metallization @ 6500C for 1 hour | B1-Au TRL
under N2
34 | Deposit fuel cell layers * *
35 | BOE etch wafers to open oxide perfora- | acid-hood EML
tions
36 | die cut wafers into individual devices diesaw ICL

* The deposition of the fuel cell stack can either be done on the e-beam evaporator

in EML, or the RF sputterer in Harry Tuller’s Lab.

Notes

Step 2: Recipe 3W1000 for wet oxidation, runtime 00:25:00 hh:mm:ss. Grow oxide

on an additional SSP monitor wafer to use for metrology to measure actual

thickness.

Step 3: Recipe 775 DEP for nitride deposition (23 A/min), runtime 02:12:00 hh:mm:ss.

Grow nitride on an additional SSP monitor wafer to use for metrology to mea-

sure actual thickness.

Step 5: Use standard positive resist, dispense for 5s at 500 RPM, spread for 5s at

750 RPM, spin for 30s at 3000 RPM. Frontside coverage is not necessary.
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Step 6: Of the 5 rows of devices, two are taped off so that only every other row gets

exposed. This decreases the likelyhood of wafer breakage during the KOH etch.
Step 9: Load Nitride cartridge and use 2:30 m:ss primary etch time with 15s overetch.

Step 10: BOE wets oxide, but not silicon, so etch is complete when the BOE solution
beads up at the bottom of the flow channels, after about 3 minutes. The

channels will appear silver.

Step 11: Asher may be used instead to remove photoresist. Use 4:00 m:ss run time,

and verify that all the resist is in fact gone.

Step 12: See step 5.

Step 13: Use the fluoroscope in TRL photoroom after development to ensure resist

is cleared from the perforations.

Step 15: Load Nitride cartridge and use 3:00 m:ss primary etch time with 15s

overetch.
Step 16: See step 11.

Step 17: Use image-reverse resist, dispense for 12s at 500 RPM, spread for 6s at 750
RPM, spin for 30s at 2000 RPM. To ensure complete coverage, use the longer
dispense time to slowly draw the stream out from the center of the wafer,
verifying that the bead is wetting the wafer surface. If after spinning there are
streaks in the photoresist, wash it off with acetone while spinning the wafer and

try again.

Step 20: Watch for the disappearance of interference fringes in the features to indi-
cate the complete removal of photoresist. Use the fluoroscope in TRL photo-

room after development to ensure resist is cleared from the features.
Step 21: A thicker platinum layer, up to 400nm, can make liftoff quicker and cleaner.

Step 22: Liftoff usually takes an overnight soak in acetone.
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Step 24: See step 17.
Step 27: See step 20.
Step 29: See step 22.

Step 31: Etch in 20% KOH at 80°Cfor approximately 8 hours. Visually inspect the
features every 5-10 minutes starting at 7:30 hh:mm to determine the endpoint.
The wafer has completely etched through when the membrane regions become
clear. After the KOH etch, the wafer is extremely prone to breakage, and so
care must be taken in handling. The KOH should not be warmer than 80°Cto
allow a gentler etch. The bolts on the waferchuck should be finger-tightened
evenly to minimize bending moments in the wafer, and then be loosened before

removal.

Step 32: This step is not necessary if the wafer will not go back into TRL, but may

still be desired to ensure removal of all KOH residue.

Step 33: Since the fuel cell stack must also be annealed, this step can happen after
the next step (fuel cell material deposition) if the anneal conditions can be the

same.

Step 34: It was decided to only deposit the materials in the Tuller lab sputterer.
The process parameters are variables currently being investigated elsewhere.
The sputterer can handle wafers and pieces less than 4” in diameter well, with
film uniformity greatest over the center 2” region, falling to very little material
near the edges of a 4” piece. A chuck can be used to deposit on a 6” wafer, but
this must then sit off of the baseplate. The wafer will then tend to get hotter
than in regular operation. A consequence is that any photoresist will hardbake
in the chamber and become very difficult (near impossible) to remove. Also
since the wafer is sitting off of the baseplate, there will be some deposition on
the opposite side. It seems the best option is cutting full wafers into slightly

smaller pieces before deposition.
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Step 35: The etch can be visually endpointed under a microscope when a halo is
visible around the nitride perforations. This is oxide underetch, and care must
be taken to avoid complete removal of the oxide layer between the active stack

and the nitride support. The approximate time is 3:30 m:ss.

Step 36: To prevent membranes from breaking in the diesaw or with future handling,
protect them with photoresist. The airbrush in EML can be used after the KOH
etch to coat the frontside with resist without touching the membranes. This
can then be rinsed off in acetone prior to use. Also, using UV tape instead of
the standard diesaw tape will make later removal much easier and less stressful
on the membranes. While cutting, lower the water flow rate to the first tick

mark on the gauges.
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Holy Membrane Masks

Appendix

S

SENNAN
NS
N R

N
SR
-_ )

Figure D-1: Die-level masks for holy membrane process: Blue - flowchannel; Black -
75

perforations; Red - metalization; Green - insulation
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Figure D-3: Flowchannel etch mask in holy membrane process
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Figure D-4: Die-level flowchannel etch mask, with feature geometry in yum

77



Figure D-5: Perforation etch mask in holy membrane process

Figure D-6: Die-level perforation etch mask
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Figure D-9: Die-level metalization liftoff mask
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Figure D-10: Temperature sensing wire loop inside heating wire loop on membrane
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Figure D-11: Insulation liftoff mask in holy membrane process
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Figure D-12: Die-level insulation liftoff mask
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