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Abstract

When devices are fabricated on thin foil substrates, any mismatch strain in the device structure makes the work piece
curve. Any change of the radius of curvature produces a change in the size of the work piece, and thereby misalignment
between individual device layers. To achieve tight tolerances, changes of curvature must be minimized throughout the fab-
rication process.

Amorphous silicon thin-film transistors and solar cells respond differently to externally applied tensile strain. The elastic
deformation of the transistor is correlated with small increase in the electron mobility. When the tensile strain reaches
~0.34%, crack formation starts and causes an abrupt change in the transistor performance. The performance of solar cells,
on the other hand, does not change for tensile strain up to ~0.7%. At larger strain the short-circuit current, open-circuit

voltage, fill factor, and the efficiency gradually decrease.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent research in thin-film electronics has been
focused on the replacement of the traditional rigid
glass plate substrate with plastic or metallic foils.
Among metallic materials, stainless steel and molyb-
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denum foils have been utilized as substrates in the
fabrication of thin-film transistors (Theiss and Wag-
ner, 1996; Wu et al., 1997, 2002; Howell et al., 2000;
Park et al., 2003) and solar cells (Yang et al., 2003).
A number of plastic materials (organic polymers)
also have been tested successfully in a variety of
thin-film applications (Constant et al., 1994; Young
et al., 1997; Burns et al., 1997; Burrows et al., 1997,
Gleskova et al., 1998; Parsons et al., 1998; Lueder
et al., 1998; Thomasson et al., 1998; Sandoe, 1998;
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Nomenclature

S

layer thickness (m); subscript s denotes
substrate, f denotes film

FF solar cell fill factor

Jse short circuit current (A)

R radius of curvature (m)

T temperature (K)

Voc open-circuit voltage (V)

Y Young’s modulus (Pa); subscript s de-

notes substrate, f denotes film
Y* =L biaxial stain modulus (Pa); subscript s
denotes substrate, f denotes film

Y = 17—”‘2 plain strain modulus (Pa); subscript s
denotes substrate, f denotes film

o coefficient of thermal expansion (K™');
subscript s denotes substrate, f denotes
film

€ mechanical strain

Ebi built-in strain in the film

v Poisson ratio; subscript s denotes sub-
strate, f denotes film

n solar cell efficiency

a mechanical stress (Pa)

Carey et al., 2000; Sazonov and Nathan, 2000;
Boucinha et al., 2000; Kane et al., 2001; Ichikawa
et al., 2001; Hsu et al., 2002a; Brida et al., 2002;
Takano et al., 2003; Cheng and Wagner, 2004;
Gelinck et al., 2004; Shahrjerdi et al., 2004; Nomura
et al., 2004; Monacelli et al., 2004; Choi et al., 2004).

There are three main reasons for the attraction of
plastic and metallic foils. Unlike glass, the thickness
of these materials can be substantially reduced while
maintaining their integrity, leading to thin and light-
weight products. At the same time, these thin sub-
strates add new functionality to thin-film
electronics, namely the flexing and non-planar shap-
ing. Finally, the foil substrates lend themselves to
roll-to-roll fabrication.

One faces several new issues when fabricating
devices on thin foils. These are usually not encoun-
tered during the fabrication of these devices on thick
plates of glass. Firstly, the devices experience vari-
able stresses during the manufacturing process that
may lead to substantial change in curvature. This
leads to a change in the size of the work piece and
ultimately to misalignment between different layers
of the device. This is important for devices where
mask overlay alignment is critical. Therefore, the
radius of curvature must be carefully controlled
during the fabrication. Secondly, the device applica-
tion may require intentional bending, stretching, or
non-planar shaping after the fabrication. Therefore,
one needs to understand the behavior of thin-film
devices under strain, and the fracture strain and
fracture mechanism of the device layers.

Even though a detailed understanding and com-
prehensive mechanical theory do not yet exist, a

number of experimental results are available and
simple mechanical theories have been worked out
(Gleskova and Wagner, 1999a.,b, 2001; Suo et al.,
1999; Gleskova et al., 2000, 2002, 2004; Wagner
et al., 2000, 2002; Hsu et al., 2002b, 2004; Jones
et al., 2002; Servati and Nathan, 2005). The purpose
of this paper is to summarize the current knowledge
of the mechanics of thin-film electronics with a
focus on amorphous silicon thin-film technology.
In the calculations we emphasize two-layer struc-
tures of substrate and film. Such structures are sim-
ple enough to be treated analytically, yet they
provide a basic understanding of the mechanics of
thin-film devices on flexible substrates.

2. Curvature induced during manufacturing

Thin-film devices are built on substrates layer-by-
layer, often at elevated temperature. Strain develops
in the structure by built-in stresses in the deposited
layers (Hooke’s law: ¢ = Y - ¢, where ¢ is stress, ¥
Young’s modulus, and ¢ strain), or, upon cooling
down, by the differences in the thermal expansion
and humidity coefficients between the deposited film
and the substrate, or between different films. The
mechanics of the film-on-substrate structure
depends strongly on the elastic (Young’s) moduli
and thicknesses of the substrate Y, d, and the thin
film Yf, df.

When Y;-di < Y- d,, the substrate dominates
and the film complies with it, as a thin-film transis-
tor (TFT) or solar cell do on a plate glass substrate.
The stress in the substrate is small, and the film/sub-
strate couple curves only slightly, even when the film
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is highly stressed. The strain is biaxial, and the
structure forms a spherical cap with the radius of
curvature given by:

R:ﬁ
e
212 .
- ()] e (148)
144 M
Here Y** and Y =

1—vp
moduli of the film and substrate respectively. v¢

and v are the corresponding Poisson ratios. ¢ is
the mismatch strain. The mismatch strain ¢ has
two dominant components. One is the thermal mis-
match strain caused by the difference between the
coefficient of thermal expansion of the substrate,
o, and that of the film, o;. The other is the built-
in strain &,; in the deposited film. Therefore,

&= (0 — o) - AT + & (2)

where AT is the difference between the deposition
and the room temperatures. R is negative when the
film is under compression and the structure curves
with the film being on the convex side. R is positive
when the film is under tension and the structure
curves with the film being on the concave side.

R~5cm

Fig. 1. PECVD silicon nitride film deposited on two different
plastic substrates. The substrate thickness and the coefficient of
the thermal expansion are shown for each substrate. The film is
deposited on the top and the structures roll into cylinder.

A stiff film and a compliant substrate, for exam-
ple amorphous silicon device on an organic polymer
foil, may have similar products of elastic modulus
and thickness, Y;- di= Y- ds. Such equal strength
of film and substrate gives rise to complicated
mechanical situations. The structure rolls into a cyl-
inder instead of forming a spherical cap. An exam-
ple is shown in Fig. 1, for a 500-nm thick layer of
silicon nitride deposited on two different plastic sub-
strates by plasma enhanced chemical vapor deposi-
tion (PECVD) at 150 °C. The Stoney formula is no
longer valid. Using the procedure outlined in (Suo
et al., 1999), the radius of curvature R is given by:

a1 +;’;‘)2} [(1 -9+ (8 - vﬁ)]

(1+4) - (1450 2) - [ =+ +5-40 -

(1 +v)]

For amorphous silicon devices on glass sub-
strates Y- dp < Y- ds, which allows to neglect the
second fraction in Eq. (1) and to simplify to the
Stoney formula (Freund, 1996; Finot et al., 1997;
Cu, 1998):

R=—12" (3)

Yoo dr
P L
6+ e

In such cases R is very large.

! ! ! 3
o (5 (108 6)
Y/

(=) (1 +vy)]

Here Y = 1{‘2 and Y, = - 7 are the plane strain
moduli of the' film and the substrate, respectively.
If the Poisson ratios v of the film and the substrate
are identical, Eq. (4) simplifies into the form pub-

lished previously (Suo et al., 1999):

[1 _x (d_r>2r+4ﬁ.ﬁ. (1+4)
ds Ys ds Ys ds ds

Ye df d
65 (1+v)-(1+%)

R =

(5)
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The mismatch strain ¢ is again given by Eq. (2).
When the mechanical properties of the film and
the substrate and the radius of curvature R are
known, one can easily extract the built-in strain &,
in the film (Cheng et al., 2005). Our current focus,
however, is on the understanding of how to keep
the radius of curvature large, and preferably infinite,
since this is an important factor in the device
fabrication.

From analysis of Eq. (5) one can easily conclude
that making Y;- dp < Y; - dy makes R large. This can
be achieved by: (1) choosing a thick substrate (not
desirable for flexing or “shaping” applications), (2)
keeping the device structure very thin (may not be
possible), (3) choosing a substrate with large
Young’s modulus (not possible for plastic sub-
strates), or a combination of these measures. R
can also be made large by keeping the mismatch
strain & close to zero. One can: (1) choose a sub-
strate with a coefficient of thermal expansion
(CTE) close to that of the device layers (This is
not possible for plastic substrates whose CTE usu-
ally is much larger than that of silicon device films.
Stainless steel substrates have relatively low CTE.),
(2) minimize AT by lowering the deposition temper-
ature. (In thin-film silicon technology, lower deposi-
tion temperature leads to worse electronic
properties. Here, the organic electronics, for exam-
ple polymer light emitting diodes and thin-film tran-
sistors have an advantage.), (3) compensate the
CTE mismatch with built-in strain in the film, such
that (or — o) * AT = &,; (The built-in strain depends
on the deposition conditions and sometimes can be
easily adjusted.).

There are two more solutions for dealing with
undesirable curving. One is to attach the substrate
foil to a rigid carrier for the duration of the fabrica-
tion. The rigid carrier suppresses the bending of the
structure, and sets the strain in the plane of the film
by the thermal strain of the carrier, which is small.
This approach, used by a number of research
groups, allows a larger selection of plastic materials.
However, one needs an adhesive whose glass or
decomposition temperature is higher than the high-
est process temperature. In addition, the adhesive
should not outgas in the vacuum and should resist
wet and dry processing. Once the fabrication is com-
pleted, the adhesive should permit easy separation
of the carrier and the work piece. Even though this
approach has been demonstrated in the laboratory,
it is not an ideal manufacturing solution. The sec-
ond solution is based on the fact that the patterning

of continuous layers into islands relieves the global
mismatch strain. However, strain is concentrated
around the edges of the islands.

3. Misalignment caused by curvature

Fig. 2 shows several thin films typically used in
the amorphous silicon thin-film transistor fabrica-
tion (a-Si:H TFT) deposited on 50 um thick Kapton
E. As described in the previous section, different
thin film materials exhibit different built-in strains
resulting in different radii of curvature R. It has
been shown experimentally that a change in curva-
ture affects the alignment between different layers
of the device (Cheng et al., 2005). If one starts with
a flat substrate, the misalignment increases with
decreasing radius of curvature, because a larger
strain is developed when the work piece is flattened
for mask alignment. The larger the radius of curva-
ture, the less flattening is required and the smaller is
the misalignment. In a-Si:H TFTs on Kapton E, the
misalignment between the gate and the source/drain

iN, 25W SiN,
> compressive

tensile

a-Si:H
compressive

o
tensile

Fig. 2. Curvature induced by mismatch strain in films of Cr, a-
Si:H, and SiN, deposited over a range of RF power, all on 50-um
thick Kapton® 200E polyimide substrates. All films are facing to
the left. The 300-nm to 500-nm thick SiN, and the 250-nm thick
a-Si:H films were deposited by PECVD at 150 °C, and the 8§0-nm
thick Cr was deposited by thermal evaporation without control of
substrate temperature. The built-in stress of Cr is tensile and that
of a-Si:H is compressive. The built-in stress in SiN, changes with
the deposition power (Wagner et al., 2005).
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electrodes as a function of the deposition power of
the gate dieclectric easily can reach values of
500 ppm. In an optimized structure the misalign-
ment was reduced to ~100 ppm (Cheng et al.,
2005). Therefore, the radius of curvature needs to
be carefully controlled throughout the fabrication.
We are currently developing a mathematical model
of this phenomenon with the aim to control it.

4. Externally applied strain

All integrated circuits are fabricated flat. The use
of the fabricated circuit may require that it is bent
(once or repeatedly), stretched, or shaped after the
fabrication. Therefore, it is important to understand
the electrical and mechanical behavior of the devices
under externally applied strain.

a-Si:H TFTs respond to increasing mechanical
strain by elastic deformation followed by fracture.
The response of the TFT is determined by the mag-
nitude of the applied strain regardless of its origin,
for example, bending, stretching or shaping (Suo
et al.,, 1999; Gleskova and Wagner, 2001, 2002;
Hsu et al., 2004; Gleskova et al., 2004). Experimen-
tal findings of the mechanical behavior of the a-Si:H
TFTs under externally applied strain are summa-
rized in Fig. 3. Three different regimes have been
identified. Under elastic deformation (which is the
safe regime) the current—voltage characteristics of
the TFT change reversibly (Gleskova and Wagner,
2001; Gleskova et al., 2002, 2004; Servati and
Nathan, 2005). The electron mobility decreases lin-
early with compressive strain and increases with ten-
sile strain. The mobility changes correlate with the
broadening or steepening of the conduction band
tail in a-Si:H channel material. These changes in
the electron mobility are relatively small, for exam-
ple, at the compressive strain of 1%, the mobility is
reduced by 25%.

a-Si:H TFTs can be strained more in compres-
sion than in tension. No mechanical failure was
observed in compression for strains up to ~2%. In

~
g g
.. = = . e
Definitive | Z Safe resi "% | Definitive
mechanical| & aleregime | S | mechanica
failure & & | failure
Strain =~ >2 7 0 0305 Strain
(%) Compression Tension 0)

Fig. 3. Summary of the response of a-Si:H TFT on Kapton E to
mechanical strain (Wagner et al., 2005).

tension, the crack formation starts at the strain of
~0.3% that marks the onset of the transition regime.
In the transition regime the TFT fails but the electri-
cal function is restored when the strain is eliminated
(Gleskova et al., 2002). When the tensile strain
reaches ~0.5% the cracks become permanent and
definitive mechanical failure occurs (Gleskova and
Wagner, 1999b). The cracks form perpendicularly
to the strain direction. If the source-drain current
path and the strain direction are parallel, the cracks
interrupt the current path. This is schematically
illustrated in Fig. 4.

One study suggested that the failure mechanism
of the amorphous silicon-germanium solar cells is
somewhat different from that of TFTs. The results
of the bending of triple-junction solar cells on stain-
less steel substrate (Jones et al., 2002) are summa-
rized in Fig. 5. No changes in the electrical
performance, namely the short-circuit current Jg.,
open-circuit voltage V., fill factor FF, and effi-
ciency n, were observed for tensile strain up to
~0.7% and compressive strain up to ~1.7%. For
tensile strains larger than 0.7%, a gradual decrease
in Jy, Voo, FF, and 5 occurred. However, even at
the tensile strain of 2% (the largest strain applied)
the solar cell efficiency was still equal to 50% of
the original value. This behavior can be explained
by a vertical current path that is parallel to the
cracks as illustrated in Fig. 6.

Source Drain

-a-Si:H:

s ~
Bending Gate
direction

Fig. 4. Crack formation in a TFT when the strain and the source-
drain current path are parallel. The arrow depicts the current
path.

Gradual
mechanical
failure
accompanied
by drop in Jg,
VOC ’ FF, and n

Strain >1.7 0 0.7 Strain
0 Compression Tension (%)

Safe regilhe

Fig. 5. Summary of the response of a triple-junction amorphous
silicon-germanium solar cell on stainless steel to mechanical
strain.
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Layer description (from the top):
Front contact metal

Transparent conductor

n-type layer

Light absorbing layer

p-type layer

Back contact metal

Bending
direction

Fig. 6. Crack formation in a solar cell with respect to the current
path.

5. Summary

The fabrication of thin-film devices on flexible
substrates introduces several new fabrication issues
that are not encountered during the fabrication of
thin-film devices on rigid substrates. Strain that
develops in the structure as a result of the built-in
stresses in the deposited layers, or differences in
the thermal expansion coefficients between the
deposited films and the substrate, lead to a change
in curvature of the work piece. Any change in the
radius of curvature directly affects the misalignment
between device levels and produces mask misalign-
ment. To minimize the misalignment, one needs to
carefully control the curvature of the work piece
throughout the fabrication process.

Amorphous silicon solar cells and thin-film tran-
sistors respond differently to an externally applied
strain. This difference is more apparent under ten-
sion. TFTs start to fail at a strain of ~0.3% and
the failure is abrupt. Solar cells do not exhibit any
change in the electrical performance for strains up
to ~0.7%. If the tensile strain is further increased,
the short-circuit current Jg., open-circuit voltage
Voo, fill factor FF, and the efficiency # gradually
decrease. The horizontal current flow in a TFT in
contrast to the predominantly vertical current flow
in a solar cell accounts for the difference.
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