
DOI: 10.1007/s00339-007-4195-2

Appl. Phys. A 89, 149–152 (2007)

R
ap

id
co

m
m

un
ic

at
io

nMaterials Science & Processing
Applied Physics A

f. dross�

j. robbelein
b. vandevelde
e. van kerschaver
i. gordon
g. beaucarne
j. poortmans

Stress-induced large-area lift-off
of crystalline Si films
IMEC, v.z.w. – Kapeldreef 75, 3001 Leuven, Belgium

Received: 22 March 2007/Accepted: 21 June 2007
Published online: 5 July 2007 • © Springer-Verlag 2007

ABSTRACT A new implantation-free lift-off process is presented. We deposit a layer
with mismatched thermal expansion coefficient with respect to the substrate. Upon
cooling, the differential contraction induces a large stress field which is released by the
initiation and the propagation of a crack parallel to the surface. The principle is demon-
strated on both single and multi-crystalline silicon. Films with an area of 25 cm2 and
a thickness of 30–50 µm have been obtained. Some Si layers were further processed
into solar cells. An energy conversion efficiency of 9.9% was reached on a 1 cm2

sample.

PACS 62.20.Mk; 68.55.Jk; 68.60.Bs; 84.60.Jt

1 Context and introduction

The separation of thin layers
of crystalline silicon and subsequent
transfer to a carrier substrate is of great
interest for high-performance integrated
circuits based on silicon-on-insulator
wafers and potentially also for photo-
voltaics. The most well-known tech-
nique is the SmartCut technology [1],
which relies on the weakening by ion
implantation of a layer deep in the sub-
strate, enabling to detach the upper part
of the substrate. Other technologies also
rely on the formation of a weak layer
(e.g., porous-silicon), followed by an
epitaxial growth of silicon with the de-
sired quality and thickness [2–5]. The
costs of these methods are, however,
high, especially when the thickness of
the silicon film to be produced exceeds
a few microns, which limits their ap-
plication. The method presented here
does not require the costly formation
of a weak layer. It relies on the stress
induced by layers deposited with cost
effective techniques, and enables the
fabrication of layers of a few tens of mi-
crons with a very limited material loss.
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2 Experimental proof
of principle

The method is schematically
described in Fig. 1. A 5 ×5 cm2 multi-
crystalline silicon substrate (thickness
∼ 300 µm) is used as starting material.
We screen-print on top of it a double
layer of commercially available metal
paste (Fig. 1a). First a layer of ∼ 20 µm
of Ag paste (DuPont PV146) is printed.
The solvents are dried below 200 ◦C for
a few minutes in a belt drier, and the
wafer is annealed at high temperature
(approximately 900 ◦C) for a few sec-
onds in a belt furnace. On top of the first
metal layer, a layer of ∼ 50 µm of Al
paste (DuPont PV333) is printed, dried
and annealed the same way. The metal
pastes are printed up to 1 mm from the
edge of the substrate. The bonding be-
tween the metal layer and the silicon
occurs at high temperature, in the belt
furnace. Upon cooling down, the metal
layers as well as the silicon substrate
undergo a thermal contraction, but the
mismatch in coefficient of thermal ex-
pansion (TCE) between the metal and
the silicon induces a high stress field in

the substrate (Fig. 1b). To release the
stress in the system, the silicon substrate
first bends, and then the metal layer
suddenly snaps off the parent substrate,
peeling off at the same time a silicon
layer of approximately 40 µm (Fig. 1c).
Figure 2 shows a photograph of the
resulting substrate Fig. 1a and of the sil-
icon layer lifted-off, still attached to the
metal layer Fig. 1b. The substrate is cut
along the whole surface but remains oth-
erwise intact. It can in principle be re-
used for further additional layer lift-off.
The metal layers inducing a permanent
stress in the peeled-off wafer are then
removed in a metal-etching solution, re-
sulting in a clean and stress-free silicon
layer (Fig. 1d). Total reflection X-ray
fluorescence measurements were car-
ried out, which revealed no detectable
trace of metals.

Figure 3 displays a scanning elec-
tron microscopy (SEM) cross section of
the flat and clean wafer obtained. The
thickness is approximately 40 µm and is
relatively constant over the whole sam-
ple. No crack is visible, despite the high
stress undergone by the Si layer dur-
ing the lift-off process. The two surfaces
exhibit different topologies: the surface
that was in contact with the metal is very
rough. Potentially, this roughness can be
advantageously used for light trapping
in photovoltaic applications.

The resulting thin silicon film was
processed into a solar cell with an
amorphous-Si/crystalline-Si heterojunc-
tion emitter, as described elsewhere [6].
The heterojunction emitter was de-
posited on the surface that exhibits the
wavy fracture patterns. This same sur-
face was exposed to standard AM1.5
light. The cell had an area of 1 ×1 cm2

and reached an energy conversion effi-
ciency of 9.9% (see Table 1). The fill
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FIGURE 1 Schematic description of the method proposed to produce thin silicon films. (a) Metal de-
position, (b) Decrease in temperature to induce stress (c) Peeling of the top layer, (d) Cleaning and stress
removal by chemical etching

FIGURE 2 Photograph of the structure after the top layer has been peeled off the parent substrate
(25 cm2). The parent substrate (a) can be re-used for additional layer lift-off, and the top silicon layer
(b) is still attached to the stress-inducing layer

factor was low due to some series resis-
tance issues related to processing. The
open-circuit voltage and short-circuit
current values are poor in comparison
with standard Si solar cells, because
of the very thin base, the absence of
back-surface passivation, and the lack of
intentional surface texturing. Neverthe-
less these still good results indicate that
the electronic quality of the material,
as well as most probably its crystalline

Jsc Voc FF Efficiency

26.7 mA cm−2 550 mV 67.8% 9.9%

TABLE 1 Electrical characteristics under standard AM1.5 illumination of the 1 cm2 solar cell pro-
cessed on a sample obtained with the new lift-off technique. Jsc is the short-circuit current, Voc is the
open-circuit voltage, and FF is the fill-factor of the illuminated cell

structure, are largely preserved during
the lift-off process in spite of the high
stress values involved.

3 Modeling and discussion

The misfit stress in the film,
induced by the TCE mismatch dur-
ing cooling from the temperature of
bonding T0 to the lift-off temperature
T1 < T0, is given, under the assumptions

of homogeneous, isotropic and linearly
elastic materials, by the relation [7]:

σ = (αf −αs) (T0 − T1) Ef/ (1 − νf) ,

with αf,s the TCE of the film and of
the substrate, Ef the Young’s modulus
of the film, and νf the Poisson’s con-
stant of the film. The film is under ten-
sile stress, whereas the substrate under-
goes compressive stress. If the stress ex-
ceeds the fracture strength of the sub-
strate, a crack will initiate and propagate
in the bulk of the substrate. Assuming
a homogeneous defect density, the crack
will start from the first location submit-
ted to a stress intensity factor exceeding
the fracture toughness of the substrate.
The precise trajectory of the crack de-
pends on the thermo-mechanical param-
eters of the system. The crack can either
cut through the whole substrate, propa-
gate along the film-substrate interface,
or select a path parallel to the surface
at a certain depth inside the substrate,
and propagate longitudinally along this
path. The latter is known as substrate
spalling and requires, to be activated,
a minimum thickness of the film given
by [7]:

h = Γs Ef/Zσ2 ,

with Γs, the fracture resistance of the
substrate (energy density threshold ex-
pressed in J/m2 assumed isotropic), and
Z a dimensionless driving force [8] de-
pending on the cracking pattern and
elastic mismatch between the film and
the substrate. Assuming elastical ho-
mogeneity and a semi-infinite substrate,
Z = 0.343 [7] for substrate spalling.

In order for the crack to propagate
parallel to the surface through the whole
substrate, pure mode I (opening mode,
introduced by a tensile stress normal
to the plane of the crack) stress load
is required during the crack propaga-
tion [9]. The phenomenon was modeled
using a simple 2D finite element analy-
sis tool (AutoFEA), with assumption of
linear and isotropic thermo-mechanical
behavior of the investigated materials
(the TCE for the film and for the sub-
strate were taken equal to respectively
2.2 ×10−4 K−1, and 2.6 ×10−6 K−1).
The structure is modeled as a substrate
of finite thickness ds, and a film of thick-
ness df = ds/5. The film does not extend
up to the edge of the substrate. After
cooling down (T0 − T1 = 950 K), the
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FIGURE 3 SEM pictures of the film after flattening and metal-cleaning of the bi-material

FIGURE 4 Von Mises stress map of the structure after propagation of the crack perpendicular to the
principal stress at the maximum stress point. The crack was propagated 20 times. In light color are the
areas with higher stress. The structure was modeled with the finite element software AutoFEA

maximum stress is found at the edge
of the interface between the film and
the substrate. From the calculated shear
and normal stress values, we can es-
timate the principal direction of stress
on this point. Assuming perfectly brit-
tle behavior, the crack will spring open
in a direction normal to the princi-
pal stress. By changing the topology
of the structure (additional node and
re-calculated mesh), we propagate the
crack along the calculated direction of
propagation by a propagation length
l = df/10. This process is repeated 20
times to observe how the direction of
propagation evolves while the struc-
ture is opening. The resulting (opened)
structure is presented on Fig. 4. Due
to symmetry reasons, only half of the
structure was modeled. The crack starts
in an oblique direction (49◦ from normal
to the surface) and converges towards
an overall direction parallel to the sub-
strate surface. Figure 4 also presents
the Von Mises stress map of the opened
structure. The Von Mises stress is an
arithmetic function of the components

of the stress tensor that gives an ap-
preciation of the overall magnitude of
the tensor. It is used here as a qualita-
tive estimation of the stress distribution.
After propagating the crack 20 times
in the structure, the crack tip is still
the point of highest stress. At a cer-
tain depth depending on the materials
mechanical parameters, the mode II
(sliding mode, introduced by a shear
stress acting parallel to the plane of the
crack and perpendicular to the crack
front) stress load vanishes, and the
crack trajectory remains parallel to the
surface.

The simple simulation presented
here proves that the process is purely
mechanical and that there is no need
to include any inhomogeneity (weak
plane) or anisotropy (cleavage plane) to
explain the phenomenon. More accu-
rate calculations are nonetheless needed
to obtain quantitative information. The
concept was demonstrated on multi-
crystalline material, proving that the
method does not require a specified
crystal orientation. The process was also

applied successfully to 〈100〉 and 〈111〉-
oriented single Si crystals.

We anticipate that the thickness of
the lifted-off film can be tuned to custom
needs within a certain range by chang-
ing the mechanical parameters and/or
the thickness of the stress-inducing
paste. For photovoltaic applications the
thickness of 30–50 µm experimentally
obtained is actually close to the theoret-
ical optimum value needed to obtain the
highest efficiency under 1-sun illumina-
tion when the performances are limited
by Auger recombination [10].

4 Conclusion

A new method to peel off thin
crystalline Si layers from a Si wafer
has been described. A layer with a mis-
matched TCE is bonded to a Si wafer
at high temperature. The whole system
is cooled down and the stress induced
by the differential thermal contraction
induces a crack in the substrate. Under
certain conditions the crack propagates
in the direction parallel to the surface at
a depth of a few tens of microns, and
peels off the top layer of the substrate.
This method is purely based on the
thermo-mechanical behavior of silicon
and of screen-printed pastes and does
not require the formation of a weak layer
in the silicon substrate. Although the
method is demonstrated on Si wafers,
it might be applicable to other materi-
als. Films with an area of 25 cm2 and
a thickness of 30–50 µm have been ob-
tained. A simple solar cell process was
performed on a 1 cm2 sample and an
efficiency of 9.9% was reached. This
lift-off process has the potential to dras-
tically reduce the Si consumption for Si
solar cells, thereby lowering costs and
energy payback time.
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