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Abstract
Miniaturized planar solid-oxide fuel cells (SOFCs) and stacks can be
fabricated by thin film deposition and micromachining. Serious thermal
stresses, originating in fabrication and during operation, cause
thermal–mechanical instability of the constituent thin films. In this paper,
the effect of thin film geometry on thermal stress and mechanical stability is
evaluated to optimize the structure of a thin film. A novel design of thin
circular electrolyte films for SOFCs is presented by using corrugated
structures, with which small thermal stresses and a broad design range of
structure parameters can be obtained. Thermal transfer analysis shows that
heat loss by solid conduction is serious in thin films with a small radius. But
thermal convection and radiation dominate heat loss in large thin films with
a radius of several millimetres. Scale-dependent thermal characteristics
show the importance of film size and packaging in optimization of thermal
isolation for micro SOFCs. A novel flip-flop stack configuration for micro
SOFCs is presented. This configuration allows multiple cells to share one
reaction chamber, helps to obtain uniform flow fields, and simplifies the flow
field network for micro fuel cell stacks.

1. Introduction
The capacity of conventional batteries cannot meet the power
consumption requirements for increasing performance and
functions of electronic products. SOFCs are drawing interest
due to their high generation efficiency. Micro SOFCs are
one possible choice for portable applications [1, 2]. The
architecture of a solid-oxide fuel cell consists of a porous anode
and cathode, separated by a dense solid-oxide electrolyte [3].
The traditional SOFC operates at high temperature where
the electrolyte has sufficient ionic conductivity. Since the
ionic resistance of the electrolyte decreases with its thickness,
the performance can be improved by using thinner electrolyte.
Conventional fabrication of SOFCs is based on bulk ceramic
powder processes, such as tape casting and screen-printing,
which do not lend themselves to thin film deposition.
With the development of micromachining technology, it
is possible to make dense and thin ceramic films with
chemical and physical vapour deposition. A schematic of
a micro planar SOFC with circular thin films is shown in
figure 1.
0960-1317/05/090185+08$30.00

Although thin film SOFCs have the advantage of low
operating temperature (300–600 ◦ C), the size of the thin
laminated films is limited by the large thermal stresses
originating in fabrication and during operation. Optimization
of thin film structures is required to reduce thermal stress,
increase the thin film area and improve the single cell
performance. Heat loss is a serious problem in micro SOFCs
because of the large ratio of surface to volume. It is important
to improve the power efficiency by decreasing heat loss. Due
to the low voltage of the single cell, micro SOFC stacks
are needed in most applications. Microfabrication based
on lithographic methods is suitable for making planar SOFC
stacks. Conventional SOFC stacks are built in back-to-back
orientation. A complicated bonding process is needed to build
the multi-layer structure for this kind of planar micro SOFC
stacks. Another configuration of SOFC stacks is to arrange the
cell array in side-by-side orientation. All cells are fabricated
on one wafer and connected to form a stack. However, a
large planar network of flow fields is needed and leads to
non-uniform reactant distribution [4].
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Figure 2. The meridian section of the corrugated membrane.
Figure 1. A schematic diagram of a thin film SOFC on silicon
substrate.

Performance and reliability of micro SOFCs is scale
dependent on its structure because of the properties of thermal
mechanics and transfer in microstructures. In this paper,
thermal stress and thermal transfer were analysed as a function
of dimension in flat and corrugated circular films, leading to the
optimization of the structure of micro SOFCs. A configuration
of micro SOFCs is presented to form the stack on one wafer.

2. Thermal–mechanical reliability of
electrolyte thin films
Layered thin films under thermal loading exhibit several failure
modes: buckling, crazing, fracture and spalling. Investigation
of all failure modes in the layered thin films complicates
the design process. Moreover, the key to micro thin film
SOFCs is to design a reliable and dense electrolyte film
that can be self-supported. In the first analysis, a single
circular electrolyte membrane is considered. The total stress
of the microfabricated membrane is the sum of thermal stress,
intrinsic stress and external stress. Intrinsic stress can be
reduced by modifying the fabrication process parameters and
materials. Thermal stress, which is seriously affected by film
structures, is analysed in this section for the primary structure
design. It is assumed that the film material is yttria-stabilized
zirconia (YSZ) and the substrate is silicon.
2.1. Mechanics of thin films
For a flat isotropic film with thermal expansion coefficient
α and radius R, the radial displacement under temperature
difference T between the film and environment is αRT
without any constraint at the membrane edge. If the flat film
is clamped, radial thermal stress σf limits the displacement.
αET
(1)
1−ν
where E, ν and α are Young’s modulus, the Poisson ratio
of the film and the thermal expansion difference between
the film and its substrate respectively. E, ν and the thermal
expansion of a YSZ film are 200 GPa, 0.2 and 10 × 10−6 K−1
respectively [5]. Thermal expansion difference between the
YSZ film and silicon is 7 × 10−6 K−1. Negative values of σf
denote compressive stress. Thermal stresses are uniform in
the clamped flat circular film and independent of the geometry
parameters: film thickness h and radius R.
A corrugated film often used in micromachined sensors
can reduce the structure stress by allowing the structure
dimension to change to some degree. Figure 2 shows the
structure of the corrugated membrane. The fundamental
parameter of the corrugated membrane is the profile factor
q, which describes the ratio of rigidity of the corrugation.
σf = −
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For shallow corrugations in which the ratio of the corrugation
depth H to its wavelength L is less than 0.4, the profile factor
q is given by [6]
H2
(2)
h2
where q is in the range of 5 to 15 for most corrugated
membranes. In special cases, it may be as high as 30. It
is 1 for a flat membrane. The radial thermal stress σcr at radius
r is given by [6]
αET  r q−1
σcr = −
.
(3)
q
R
q 2 = 1 + 1.5

Unlike a flat film, the radial thermal stress of the corrugated
film is affected by geometry parameters and not uniform. The
maximum thermal stress occurs at the film edge.
2.2. Failure criteria
The area of a thin electrolyte film in a micro solid-oxide fuel
cell is an important factor in energy conversion and structure
design. Larger area of an electrolyte film is helpful to obtain
higher power output in a single cell and simplify the stack
structure. But a large ceramic film increases the possibility of
failure because large stresses reduce the reliability of a film.
The film failure induced by stress is classified into several
modes: spalling, fracture, crazing and buckling. These failure
modes are affected by the stress state.
If the clamped film tends to expand due to temperature
difference between the film and environment, compressive
stress occurs. Sufficient compressive stress leads to film
buckling. For a clamped flat membrane shown in figure 1,
the critical stress σf c at which buckling occurs is given by [7]
 2
E
h
.
(4)
σf c = −1.22
1 − ν2 R
It is shown that the absolute value of the critical stress is low
for thin and large flat membranes (h  R).
Buckling of corrugated films occurs when sufficient radial
load due to temperature differences between the membrane and
outer rim is present. The critical stress σcc at which buckling
happens is given by [8]
 
E(q + 1)2 2 h 2
β
σcc = −
(5)
48
R
where β is the buckling number dependent on q. For q > 10,
β changes slightly from 4.8 to 5.14 [6]. For the corrugated
film, it is possible to design large membranes and keep high
critical stress by increasing the profile factor q. In other words,
corrugation with a high ratio of H:h is advantageous.
To prevent thin films from buckling, the compressive
thermal stress of a thin film should be smaller than its critical
stress. By combining equations (1) and (4), temperature
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of volumes. For materials containing volume defects, the
probability of failure is given by [9]

 
n(σ ) dV
(8)
P = 1 − exp −
V (σ >0)

where n(σ ) is a material function assumed to be independent
of the position in the material and the direction of stress. It is
given by
 
1 σ m
(9)
n(σ ) =
V0 σ0

Figure 3. The maximum membrane radius versus temperature
difference for a flat YSZ film.

where the Weibull modulus m and characteristic strength σ0
are material parameters; m and σ0 of YSZ are 6.7 and 236 MPa
respectively [10]. V0 is an arbitrary normalizing volume and
often set to 1 mm3. Thermal stress in a flat membrane is
isotropic. By integrating n(σ ) on a flat circular membrane
with radius R and thickness h, the failure probability P is
given by


 
2π σf m 2
R h .
(10)
P = 1 − exp −
V0 σ0
The failure probability of a flat film increases exponentially
with the geometry parameter: R 2 h. The maximum tensile
stress σf t under failure possibility P is given by
1/m

V0
ln(1
−
P
)
σ f t = σ0 −
.
(10 )
2πR 2 h

Figure 4. The maximum membrane radius versus temperature
difference for a corrugated YSZ film (H:h = 10, β = 5).

difference T as a function of limitation of the radius R of a
flat thin film with the critical stress is given by
 2
1.22
h
T =
.
(6)
(1 + ν)α R
For a corrugated film, by combining equations (3) and (5), the
relationship between the operation temperature difference and
the film radius is expressed by
 
q(q + 1)2 β 2 h 2
.
(7)
T =
48α
R
This equation shows that the profile factor q plays an important
role in thermal–mechanical reliability of a corrugated thin
film. Figures 3 and 4 show that the maximum radius of the
corrugated membrane is substantially greater than that of
the flat membrane. For a flat membrane of 1 µm thickness,
the maximum of the radius is only 16 µm at T = 600 ◦ C,
requiring a large array of cells to obtain sufficient power output.
For the 1 µm thick corrugated film of q = 12, the maximum
film radius is 500 µm at the same T . Larger profile factor
q can lead to a more than two orders of magnitude increase in
cell area under the same temperature.
The main failure mode under the tensile stress is fractures
by growth of cracks and flaws. The well-known Weibull
statistics can be used to evaluate fracture failure. This failure
model was expanded by Danzer [9] to incorporate the effects

Thermal stress in a corrugated film is anisotropic. The
tangential stress σctan is given by [6]
 r q−1
.
(11)
σctan = −αET
R
Here n(σ ) is expressed as n(σcr ) + n(σctan ) in a corrugated
membrane. By integrating n(σcr ) + n(σctan ) over the film
volume V in equation (8), the possibility of failure in the
rectangular corrugated film shown in figure 2 is given by


 
2π
σcm m
P = 1 − exp − (c1 + c2 )
(12)
V0
σ0
where σcm is the maximum thermal stress in the corrugated
membrane, and c1 and c2 are geometry parameters given by


1
R2h
(13)
c1 = 1 + m
q
m(q − 1) + 2


2n
 r m(q−1)

1
i
c2 = 1 + m hH
ri
q
R
i=1

(14)

where n is the corrugation number and ri is the radius of the
corrugation, as shown in figure 2. c1 is much greater than c2
in a shallow corrugation (H/L<0.4). The failure probability
P can be simplified by


 
2π
σcm m
P = 1 − exp − c1
.
(15)
V0
σ0
Here c1 is less than the geometry factor R2h in equation (10)
by a factor of m(q − 1) + 2 (1 + 1/q m ≈ 1). According to
equations (10) and (15), it is concluded that the possibility of
failure is lower in the corrugated film than that in the flat film
at the same thermal stress. High values of q can reduce the
S187
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Figure 5. The maximum tensile stress of flat and corrugated
membranes versus the membrane radius. (For the corrugated
membrane, n = 5, H:h = 10.)

failure probability of a corrugated film. The maximum tensile
stress σct under failure possibility P is given by
1/m

V0
σct = σ0 −
ln(1 − P )
.
(15 )
2πc1
The critical stress as a function of film radius is plotted in
figure 5 at a failure probability of 10−5. It is shown that the
critical stress in the corrugated film is almost twice as high
as that in the flat film. In other words, YSZ films with a
corrugated structure can withstand much higher tensile stress.
2.3. Design of film structures
The design map (figure 6) can be set up by equations (6), (7),
(10) and (15) with Srikar’s method [11]. The axes denote
intrinsic stress and temperature difference. The limitation
of temperature difference is T  0. Compressive and
tensile stresses are above and below the reference line σ = 0
respectively. Stress limitations for buckling and fracture are
shown on the map. The design areas are formed in the grey
triangles. Compared with the flat film, the corrugated film
has lower thermal stress and higher critical stress. The design
triangle of the corrugated film is bigger than that of the flat

Figure 7. Design areas of corrugated films (H:h = 10:1) and flat
films under the buckling critical stress of 0.05 MPa and the fracture
critical stress of 140 MPa.

film. This design map shows that we can keep the film structure
parameters R, h and increase the design area of corrugated films
by bigger corrugated profile factor q. But for the flat film, the
film radius and thickness have to be changed to increase its
design area.
To compare design areas of corrugated and flat films,
the design ranges of the film radius and thickness under
designated stress limitation are expressed in figure 7. The
corrugated profile factor q in this case is about 12. It is
clear that the design area of the corrugated film is bigger
by at least one order of magnitude than that of the flat film.
By micromachining, corrugated supported membranes with
a large profile factor q can be fabricated [12]. Because the
buckling critical stress increases with q 2 in the corrugated
film, its design area broadens quickly with q.
Thermal stress in the corrugated membrane increases with
(r/R)q−1 and thus is small in the middle of the film, as
shown in figure 8. The value of tangential thermal stress
at a radius of 0.7R occurs only by 1.4% of the maximum in
the film with the profile factor of 12. The maximum thermal

Figure 6. The design map for flat and corrugated films.
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Figure 10. A schematic of the heated YSZ film.

where T0 is the temperature in the centre of the thin film. The
whole heat loss Qh by thermal conduction is given by
Qh = πk(T0 − Tb )h,

(17)

where k is the thermal conductivity of the thin film. Heat loss
by conduction changes linearly as a function of the thin film
thickness h.
Figure 8. The radius and tangential thermal stress versus the
relative membrane radius (H:h = 10:1, T = 600 ◦ C).

3.2. Heat loss by radiation
According to the Stefan–Boltzmann law, the heat flux qe
(W m−2) emitted by a real surface is described by
qe = εσ TS4 ,

Figure 9. A flat thin electrolyte film mounted on a corrugated
supporting membrane.

stress occurs at the corrugated film edge. The mechanical
behaviour of the corrugated film can be described as a film
with a clamped edge and free radial motion. The middle
part of the corrugated membrane can expand due to less
constraint and thus smaller stress occurs. By making full
use of this characteristic, large, thin and flat YSZ films can be
mounted on corrugated supported substrates to obtain a stable
thermal–mechanical performance, as shown in figure 9. Flat
thin films with corrugated edges can expand or contract under
temperature variation to decrease stress. By micromachining,
corrugated supported membranes with a large profile factor q
can be fabricated to reduce the stress at the edge.

(18)

where ε is the emissivity of the surface, σ is the Stefan–
Boltzmann constant (5.67 × 10−8 W m−2 K−4), and TS is
the absolute temperature of the surface. It is assumed that the
emissivity of YSZ is 0.4, which is equivalent to that of zirconia
because they have a similar structure [15]. For a non-uniform
temperature distribution in the circular thin film, the whole
emissive power Qe is given by

εσ TS4 dA.
(19)
Qe =
A

If the surface temperature distribution can be described by
equation (16), the whole emitted power Qe may be expressed
as
εσ πR 2 4
Qe =
(20)
T0 + T03 Tb + T02 Tb2 + T0 Tb3 + Tb4 .
5
We conclude that heat loss by radiation increases with film area
and is not affected by the thin film thickness. Low boundary
temperature decreases the heat loss by radiation, which is
opposite to the effect of thermal conduction.

3. Heat loss in thin films
3.3. Heat loss by natural air convection
It is important to improve the performance of micro SOFCs
by decreasing heat loss. There are three ways of heat loss in
micro SOFCs: air convection, structure thermal conduction
and radiation. Characteristics of heat loss in micro devices are
scale dependent. To improve the efficiency of micro SOFCs,
optimization of the micro SOFC structure and packaging is
needed to decrease heat loss. Circular flat thin films are used
in the following thermal analysis.

A heated thin film in an air environment transfers heat into
the surrounding air and causes natural convection of air in the
vicinity. Heat loss qa by convection is given by
qa = λT

(21)

where λ is the heat transfer coefficient. For a uniform heat
flux, the average heat transfer coefficient λ̄ is given by
Nuλ
(22)
L
where L is the characteristic length, 9D/11 for a circle
plate with diameter D [16]. The pattern of natural airflow
is important in convective thermal transfer. The Rayleigh
number Ra, correlating the natural flow patterns, is a good
indication of whether the natural convection boundary is
laminar or turbulent. For the vertical plate, Ra at position
x is given by
λ̄ =

3.1. Heat loss in flat thin films
It is considered that a distributing heater is integrated on the
film [13]. Uniform heat is assumed in this case, as shown in
figure 10. It is also assumed that the support substrate is cooled
and thus the boundary of the thin film has the low temperature
Tb. In this condition, the temperature distribution in the flat
film is given by [14]
 r 2
T (r) = T0 − (T0 − Tb )
(16)
R

Ra =

gξ T x 3
,
νκ

(23)
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where g is gravity, ξ is the coefficient of thermal expansion of
the fluid, ν is the kinematic viscosity of the fluid, and κ is the
thermal diffusivity of the fluid.
Natural convection is laminar at Ra of less than 109. For
air in the vertical plate of 10 mm diameter, the maximum of
Ra is 4.46 × 104 (g = 9.8 m s−1, ξ = 3.22 × 10−3 K−1, ν =
16.94 × 10−6 m2 s−1, κ = 24.0 × 10−6 m2 s−1, T = 575 K)
[16]. It is assumed that the natural airflow near the heated thin
film of micro SOFCs is laminar.
The average Nusselt number Nu is a non-dimensional
parameter characterizing heat transfer.
Larger Nusselt
numbers express a better heat transfer performance. In the
surface with a uniform heat flux, the average Nusselt number
Nu is given by [16]
Nu = 0.67Rax1/4 f2 (P r)

(24)

where the T term in Rax is the temperature difference
between the circular film centre and the environment. The
function f2 (P r) of the Prandtl number Pr is given by [16]

f2 = 1 +

0.437
Pr

9/16

Figure 11. Heat loss versus temperature difference in a flat thin YSZ
film with a less than 1 mm radius and 3 µm thickness (Tb = 323 K).

−4/9

.

(25)

The Prandtl number of air is 0.7 in this paper. The whole heat
loss Qa can be obtained by integrating equation (21) on the flat
membrane surface:

(26)
Qa = λ̄T ds.
s

If the surface temperature distribution can be described by
equation (16), by combining equations (22)–(26), the heat loss
Qa by natural air convection in the thin film may be expressed
as
5
4

7
4

Qa = 1.27T R .

(27)

The heat loss changes almost linearly with the thin film
area and temperature difference between the thin film and
environment.
3.4. Characteristics of thermal transfer in micro SOFCs
Figure 11 shows the plots of three kinds of heat losses as
functions of temperature difference between the thin film and
environment in a 3 µm thick film. To make meaningful
comparison with heat loss by thermal conduction, heat loss
by radiation and convection was drawn at the film radius
of 0.7 mm and 0.9 mm. Plots show that heat loss by air
convection exceeds that by film structure conduction in the
thin film of over 0.7 mm radius at a temperature difference of
more than 260 K. By increasing the film radius to 0.9 mm,
heat loss by air convection dominates over the other two kinds
of thermal transfer once the film temperature is higher than
the environment temperature. At a temperature difference of
420 K, heat loss by radiation is bigger than that by structure
conduction in the film of more than 0.9 mm radius. In other
words, the percentage of heat loss by structure conduction
decreases with a larger film radius. Figure 12 shows that
S190

Figure 12. Heat loss versus film radius at the temperature difference
of 350 K.

the percentage of heat loss by structure conduction decreases
quickly with the film radius. Calculation shows that thermal
conduction leads to only 10% of the whole heat loss in the film
of 3 mm radius at a temperature difference of 300 K.
Heat loss can be reduced by optimization of film structures
and packaging. Heat loss by thermal conduction decreases
with smaller film thickness. But for large films, solid
conduction contributes a small part to the whole heat loss.
Therefore, the choice of film thickness is guided mainly by
thermal–mechanical consideration.
Heat loss by natural convection through the ambient
air can be reduced by suitable packaging, such as vacuum
packaging [17]. The gas reactors in high operation temperature
are enclosed in the vacuum cavity and connected with
the outside by fluidic interconnects. But the thermal–
mechanical reliability of vacuum packaging under high
operation temperature should be dealt with. Heat loss by
radiation increases with T 4 and R 2 . It is the next most
important source of heat loss for a large film and exceeds
the heat loss by air convection at high operating temperature,
as shown in figure 13. Reflective internal surface of the cell
package that is formed by depositing a metal film can decrease
radiation.

Design consideration of micro thin film solid-oxide fuel cells

Figure 15. Flip-flop planar interconnection for the fuel cell stack.

Figure 13. Heat loss versus temperature difference at the film radius
of 3 mm.

Figure 14. Banded planar interconnection for the fuel cell stack.

4. The plate stack structure of a micro
SOFC based on the silicon wafer
A stack of micro solid-oxide fuel cells should be built up to
meet the requirement of power and voltage in application.
There are two methods to form a planar stack of SOFCs. In
conventional planar stacks, cells are configured in a back-toback orientation, in which bipolar plates are used to separate
cells and provide interconnection. Bipolar plates provide
short current path and low resistances. But requirements on
mechanical and structural integrity are strict to solve cracking
problems. Another approach is to arrange the cells with
side-by-side configurations in which the cells are connected
laterally [4, 18]. Side-by-side configurations are suitable
for the micro SOFC cell stack based on microfabrication
technologies because all cells can be manufactured in parallel
on one wafer in the micromachining processes.
There are two kinds of side-by-side configurations
according to the type of interconnection and electrode
position. One configuration is shown in figure 14, called
a ‘banded’ configuration. All anodes are on one side
of the electrolyte and cathodes on the other side of the
electrolyte. Interconnection between neighbouring cells
crosses the electrolyte. The advantage is that each of the
anodes and cathodes can share one reaction chamber, which
may simplify the flow field network for fuel cell stacks. This
configuration shows the potential for compact packaging that
is important for portable applications. But cell arrays are not
suitable for microfabrication based on 2D lithography because
interconnection must cross from one side of the wafer to the
other side. Another configuration, called a ‘flip-flop’ design,
is shown in figure 15. On each side of the wafer, cathodes
and anodes are interlaced. Interconnections do not cross
the electrolyte and are short. Single-level interconnection is

Figure 16. The schematic of lateral configuration of the micro
SOFC stack.

advantageous for microfabrication and electrical performance.
In this configuration, each cell has an individual reaction
chamber. The flow field network is complicated if many cells
are integrated in one wafer. Experiments show that some
cells in this stack will not achieve their optimal performance.
The possible reason is that the flow field in each cell is
different [4].
Borrowing the simple flow field network from a banded
configuration and the single-level interconnection from a flipflop configuration, a new flip-flop configuration is presented,
as shown in figure 16. On one side of the electrolyte, the two
neighbouring electrode columns are different: one column
has anodes and the other column has cathodes. The adjacent
anodes in one column and cathodes in the other column are
connected to build the stack. All cells in the same column
share one flow field chamber, which provides a uniform flow
field for the cells and the consistent performance of the cells.
Compared with the flip-flip design shown in figure 15, such
a configuration simplifies the flow field network. Because
only adjacent cells are connected, interconnection resistance
is low, which is important for a stack with many cells. Sealing
is a serious problem in micro SOFCs. Some packaging
technologies for MEMS devices, which can withstand high
temperature operation, are available [19, 20].

5. Summary
Micro SOFCs with self-supported electrolyte films are one
possible choice of portable power sources due to high power
density. Thermal–mechanical reliability and heat transfer
in thin film micro SOFCs are scale dependent. For a
primary optimization design, analytical models are presented
for thermal stress, and heat transfer. One novel stack design is
also discussed.
Thermal–mechanical reliability is vital in laminatedfilm SOFCs due to intrinsic stresses in microfabrication and
S191
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thermal stresses in operating conditions. Critical stresses
in compressive and tensile states for flat and corrugated
circular films are analysed. The design diagram shows that
corrugated films are more reliable. By taking the advantage
of characteristics of stress distribution in the corrugated film,
the structure of a flat thin YSZ film with corrugated supported
edge is presented to decrease thermal stress in YSZ films.
Analysis of three kinds of heat losses is presented.
It shows that air convection and radiation, which increase
with the film radius, are the main source of heat loss in large
circular thin films with radii of several millimetres. Thermal
conduction, which is correlated with film thickness, produces
less than 10% of the whole heat loss in large circular thin films.
To keep large film area for high performance, optimization of
packaging is the primary method to decrease heat loss.
A new flip-flop configuration of the micro SOFC stack
is presented. Single-level interconnection simplifies the
fabrication of micro SOFCs on one wafer and decreases
interconnection resistance. A configuration of the anode
column and the cathode column simplifies the flow field
network for the micro SOFC stack.
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