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Abstract The direct exfoliation of thin films from sil-
icon wafers has the potential to significantly lower the
cost of flexible electronics while leveraging the per-
formance benefits and established infrastructure of tra-
ditional wafer-based fabrication processes. However,
controlling the thickness and uniformity of exfoliated
silicon thin films has proven difficult due to a lack
of understanding and control over the exfoliation pro-
cess. This paper presents a new silicon exfoliation
process and model which enables accurate prediction
of the thickness and quality of the exfoliated thin-
film based on the exfoliation process parameters. This
model uses a parametric, finite element, linear elas-
tic fracture mechanics study with nonlinear loading
to determine how each process parameter affects the
crack propagation depth. A metamodel is then con-
structed from the results of numerous simulations to
inform the design and operation of a novel exfolia-
tion tool and predict thickness of produced films. In
order to manufacture uniform, high-quality films, the
tool creates a controlled peeling load that is able to
propagate a crack through the silicon in a controlled
manner. Finally, exfoliated silicon samples produced
with the prototype tool are evaluated and compared to
metamodel projections, confirming the ability of the
tool to steer crack trajectory within ± 3 microns of the
crack depth predictions.
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1 Introduction

In recent years, flexible electronic devices have gained
increased traction in the market and have become
significantly more sophisticated (Pang et al. 2013).
Notable areas of development include wearable elec-
tronics (Kim et al. 2014; Ying et al. 2012), and pho-
tovoltaics (Pudasaini et al. 2014; Ahn et al. 2017;
Pagliaro et al. 2008). To achieve flexibility, these sys-
tems generally employ new materials and fabrication
techniques that are inherently flexible, such as thin-film
solar cells or organic or oxide-based (Fortunato et al.
2012) thin-film-transistors built on polymer substrates
(Pagliaro et al. 2008). These solutions either result in
lower performance or place the rigid traditional com-
plementary metal–oxide–semiconductor (CMOS) fab-
ricated integrated circuits on a separate rigid module
or in a discretized array (Takei et al. 2010). The use of
thin-film monocrystalline silicon (c-Si) could improve
the performance of these flexible electronic devices by
allowing high-quality CMOS devices to be fabricated
directly on flexible substrates, thus creating opportu-
nities for development of entirely new applications of
flexible electronics.

Exfoliation is a promising method for creating
cost-effective thin-film c-Si while leveraging existing
CMOS infrastructure. This method of thin-film layer
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Fig. 1 Controlled peeling
process diagram
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transfer often referred to as “spalling”, “large-area lift-
off”, and “kerfless wafering”, all describing a process
inwhich a stress field created by a tensile filmdeposited
on top of a bulk substrate propagates a brittle frac-
ture just beneath the surface of the substrate. This phe-
nomenon often appears in other fields as a mode of
failure. For example, the coating of dissimilar materi-
als coupled with thermal- or deposition-related stresses
can cause the structure to fracture and fail inmany semi-
conductor manufacturing processes. The first mention
of exfoliation as a method of manufacturing thin c-Si
films was made in a patent by Tanielian et al. (1986),
though results were never discussed in literature. The
first demonstration of exfoliation of thin-film silicon in
literature was performed by Dross et al. (2007) using
printed metal pastes as the tensile layer which were
then dried and annealed. Exfoliation occurred sponta-
neously due to an excess of stress created by the mis-
match in coefficients of thermal expansion (CTE) as the
assembly cooled from the annealing temperature.Other
methods of exfoliation developed by R. Rao and L.
Mathew from University of Texas at Austin (Rao et al.
2011; Mathew and Jawarani 2010; Zhai et al. 2012)
and D. Shahjerdi and S. Bedell from IBM (Bedell et al.
2012, 2013a, b; Shahrjerdi andBedell 2013; Shahrjerdi
et al. 2012) provide more control over the stress in the
tensile film, and therefore the resulting silicon film.
Both methods deposit a layer of nickel on top of the sil-
icon wafer with a residual stress that is just below what
is required to spontaneously initiate a crack. Then, an
additional load is applied to propagate the crack. Rao
andMathewused awedge tool to apply load to the crack
tip while Shahjerdi and Bedell used adhesive tape as a
peeling handle. The method of exfoliation presented
here combines features from those described above but
adds a critical element of control to the external applied
loading.

The work presented in this paper is a model formu-
lation to better understand the exfoliation process and

accurately control the parameters that affect the thick-
ness and quality of the resulting films. The exfoliation
phenomenon in silicon is an example of brittle frac-
ture. Due to the silicon wafer’s single crystal structure
and very brittle nature, it can be modeled using linear
elastic fracture mechanics. The goal of the model is
to be able to predict the crack propagation depth for
a given loading. To do this, we focus on the Mode I
(KI ) and Mode II (KI I ) stress intensity factors (SIFs).
The SIFs are a means of estimating the stress fields at
the crack tip where KI describes an opening mode of
the crack and KI I describes a shearing mode. Previous
work by Thouless et al. (1987) in studying interfacial
fracture phenomenon indicates that, for a given elas-
tic system, a crack has a stable propagation depth that
is controlled by a tendency of KI I towards zero. The
model presented here provides insight as to how a tool
could be designed to use this phenomenon to steer the
crack to a desired depth and, thereby, create silicon
films of a desired thickness. A diagram of the proposed
mechanism is shown in Fig. 1, where control of handle
tension and roller height can be used to modulate the
stress fields around the crack tip.

A layer of nickel is electrodeposited on a c-Si wafer
and a tensile stress designed to be just below the thresh-
old for spontaneously initiating a crack is induced ther-
mally. The wafer is then fixed to a rigid substrate and
the film is exfoliated. The controlled peeling concept
uses two idler rollers to control the angle and tension in
the handle film, which is fixed to ground at one end and
to the nickel tensile layer at the other. The rollers are
then moved across the wafer by a linear actuator. This
provides control of the rate at which energy is added
to the crack. The tension in the film and the height and
orientation of the rollers can be adjusted to alter the
loads applied to the tensile layer and then to the crack
tip. This load is used to steer the crack. A series of
experiments were performed to test the capabilities of
the tool and performance of the model.
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In this paper, we first review the analytical back-
ground of the thin-film fracture problem in Sect. 2.
We will then define and construct a parametric FEA
model of the exfoliation process in Sect. 3. The results
of the FEA model and their integration into a meta-
model will then be presented in Sect. 4. Finally, exper-
imental results from the new exfoliation tool will be
presented in Sect. 5 and compared to the metamodel
predictions.

2 Fracture system and analytical background

Efforts to understand the exfoliation phenomenon
began mainly as a means of avoiding the failure of
coated films in a variety of applications including elec-
tronic device manufacturing (Cannon et al. 1985; Suo
and Hutchinson 1989; Xu et al. 1993). It was observed
in literature that under certain conditions, interfacial
fractures follow a trajectory down into the substrate
and then level out at a depth characteristic of the sys-
tem and the loading conditions. An analytical approach
to calculating the characteristic propagation depth was
developed by Drory et al. (1988) and Suo and Hutchin-
son (1989). Their method resolves a residual stress in
a film as an edge load and moment. The stress fields
corresponding to this loading condition were found by
relating the stresses in the beam far from the crack tip to
the strain energy release rate. The SIFs can then be cal-
culated, resulting in the following relations for a given
elastic system (Suo and Hutchinson 1989):

KI = P√
2Uh

cos(ω) + M√
2Vh3

sin(ω + γ ) (1)

and

KI I = P√
2UH

sin(ω) − M√
2Vh3

cos(ω + γ ), (2)

where P is the resolved edge force, M is the resolved
edge moment, and h is the film thickness. ConstantsU ,
V , and γ are dimensionless quantities describing the
elastic energy in the system, and ω is a dimensionless
function of the elastic dissimilarity of the materials and
the crack depth. A derivation of these equations is given
in the appendix of Suo and Hutchinson (1989). The
numerical solution to Eqs. (1) and (2) provides a map
of the SIFs with respect to crack depth. This solution
can be combined with the criterion that stable crack

propagation occurs when KI I = 0 and KI = KIc to
provide the characteristic crack depth for exfoliation,
as used by Bedell et al. (2013a).

With this model, exfoliation film thicknesses can
be predicted and, to some extent, controlled by vary-
ing the thickness and stress of the tensile layer. How-
ever, this solution is only valid for the given loading
condition defined only by a residual stress in the film.
Both examples of exfoliation methods from Bedell and
Shahrjerdi and Mathew and Rao apply an additional
load beyond the film stress to propagate the crack.
Bedell and Shahrjerdi suggested this load to be neg-
ligible but did not quantify its effect. The modeling
work presented here attempts to describe the effect of
this extra load and show that it is non-trivial. The paper
will also demonstrate that this effect can be used to
add another method of controlling the exfoliation crack
depth to the exfoliation process.

3 Parametric FEA model

The model presented in this paper is based on the
analytical model described above where the criteria,
KI I = 0 and KI = KIc(100), are used to describe stable
propagation of the crack front, but adds an additional
tension load and displacement condition that simulate
the handle layer of the new controlled peeling tool that
is described in Sect. 5.

3.1 Geometry and loading

The geometry for this analysis represents a 2D slice
of a (100) silicon wafer with a film of nickel on top
and a crack in the silicon that has reached steady-state.
The nickel film has a thickness, t f , and the crack has a
length, a, and is at a depth, d, below the surface of the
silicon. The crack is propagating in the 〈100〉 direction
and the slice is taken perpendicular to that so that it
represents a {100} plane. A plane strain condition is
assumed due to the large out-of-plane thickness and
constant out-of-plane loading (Fig. 2).

A symmetry condition is assumed far ahead of the
crack, beyond where the stresses have reached equilib-
rium. During testing, the wafer was fixed by adhering
it to a rigid glass slide with double-sided polyimide
tape. The base of the wafer was correspondingly fixed
in the simulation, removing the contributions of sub-
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Fig. 2 Geometry and loading setup for FEA analysis

strate bending to the final stress state that are described
in the analytical work of Drory et al. (1988) and Suo
and Hutchinson (1989). The height of the silicon body
is 550 µm, a representative thickness for the tested
100 mm diameter wafers. Due to the fixed constraint,
the substrate thickness is not a significant factor in the
results.

The residual stress in the nickel layer is introduced
as a uniform uniaxial initial stress state, σ0, in the x-
direction, which is then allowed to relax for one load
step. The actual stress induced in the electroplated
film is biaxial and can vary throughout the film thick-
ness. However, the out-of-plane stress caused by the
film is effectively constant throughout the bulk of the
wafer and, therefore, does not invalidate the plane-
strain assumption.

A tension load, T , is applied to the end of the exfoli-
ated film where the handle layer is attached. Due to the
resulting effective infinite thickness in the z-direction
in the model, the tension load was applied as an inten-
sive pressure, but is later described as its resolved force
at the middle cross-section of the wafer. A vertical dis-
placement, h, is also applied to the end of the exfoliated
film to simulate contact with the tool roller.

A 2-dimensional finite element model was created
using ANSYS Design Modeler with special attention
paid to the bodies that control the mesh around the
crack tip and to the scale of the smallest features in
the model. The geometry was imported into ANSYS
Mechanical 18.1 and the region around the crack tip
was carefully meshed as a series of radially divided
concentric circles to conform to ANSYS requirements
for their fracture mechanics tools. Amesh convergence
studywas performed to confirm themeshing around the
crack tip was sufficient. Figure 3 shows the concentric
mesh features that define the crack tip area.

Ni
Si

Fig. 3 Overview of sample meshing and detail of crack tip area

The number of elements spanning the thin beams of
nickel and silicon were defined explicitly and included
in the convergence study. The mesh geometry and
connections are manually defined at the crack tip to
ensure reliable integration of the stress state around the
tip. The mesh was set up so that the crack depth and
nickel thickness could be varied parametrically and the
mesh would be dynamically updated. All elements are
ANSYS PLANE183 elements, and nonlinear effects
and large deflections were enabled to accurately cap-
ture the deflection of the long beam behind the crack.

3.2 Materials

The simulation consists of twomaterials, single-crystal
silicon and nickel electroplated from a sulfamate bath.
The wafers used for the exfoliation tests are (100) ori-
entation and are exfoliated in a 〈100〉 direction, mean-
ing that the plane of the model also represents a {100}
plane with the x and y axes also in the 〈100〉 directions.
Therefore, a 〈100〉 isotropic assumption was made for
this model. This assumption allows the correct mate-
rial properties to be aligned along the x and y axes
and the primary loading directions. In order to test the
validly of this assumption, a series of simulations were
performed while varying the isotropic elastic proper-
ties between those for the 〈110〉 and 〈100〉 directions
to probe the effects on the crack trends. Comparisons
were also made between anisotropic and isotropic sim-
ulations using the J-integral criterion (which ANSYS
supports for anisotropic materials). The effect of this
assumption appears to beminimal with respect to crack
depth, a conclusion reachedbyother researchers aswell
(Calvez et al. 2014; Bouchard et al. 2013). However, a
complete anisotropic analysis is planned in futurework.
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Table 1 Simulation material properties

E (GPa) ν KIc(100) (MPa m1/2)

Silicon 169 .064 .75

Nickel 180 .31

Silicon also exhibits anisotropy in its fracture tough-
ness, which has been measured and calculated by sev-
eral groups. The value of KIc varies greatly depend-
ing on the cleavage plane and the measurement type.
Masolin et al. (2013) provides a review of these results
with attention to their application to the exfoliation
problem and gives a recommendation for the value of
KIc(100) = 0.75 MPam1/2. Therefore, this value was
used for KIc(100) in the model presented in this paper.

The nickel tensile layer was deposited by a sulfa-
mate electroplating process and the density as well
as microstructural and elastic properties of the result-
ing material can vary depending on the plating condi-
tions (Weil 1970). These conditions can also introduce
anisotropy through columnar type structures (Weil
1970; Luo 2004). The nickel material properties used
in these experiments were estimated using a key factor,
current density, and data obtained by Luo (2004). The
current density used was approximately 18 mA/cm2

and the estimatedYoung’smodulus is shown inTable 1.
Poisson’s ratio was assumed as bulk. However, a more
complete characterization of the nickelmaterial’s prop-
erties is planned for future work.

3.3 Parametric strategy

A parametric study was performed to find the com-
bination of parameters that result in a stable crack
growth. The range of inputs were chosen to reflect
those available during the experimentation process and
to cover the range of desirable c-Si film thicknesses.
The parameters were nondimensionalized with respect
to the roller height, h, as it was kept constant through-
out the modeling and experiments and they are listed
in Table 2.

The concept underlying the parametric analysis is
that for some combination of inputs (h, T , σ0, t f ,
a), there exisits a crack depth, d, that satisfies the
KI I = 0 and KI = KIc(100) criterion. The model can-
not be directly solved for this criterion, so it is explored
iteratively while parametrically varying all the inputs.

Varying the inputs was done with an optimal space-
filling Latin Hypercube (LH) design of experiment
(DOE) combined with an adaptive sampling method
to create a refined response surface. In this method,
the results of the LH design were used to create a
Kriging response surface, which was then input into
a multi-objective genetic algorithm configured to gen-
erate diverse and space-filling results around the objec-
tive criterion. These pointswere then input back into the
FEA model and the solutions were added to the results
of the LH DOE to create a more accurate response sur-
face near the KI I = 0 and KI = KIc(100) criterion.
This process was repeated until the response surface
stabilized. The final response surface is a metamodel
that can be solved to predict the crack depth for any
valid combination of inputs.

4 Model results and metamodel

An example solution of the stress distributions of the
system after the stress in the nickel has relaxed and
the tension load and displacement condition have been
applied is shown in Fig. 4. The distributions shown
are for a median configuration of inputs where h =
150 (µm), T/(h2ENi ) × 104 = 70, σ0/ENi = 11.6,
t f /h = 0.115, a/h = 13.3, d/h = 0.033. The color
scales have been set to best display the stress fields
near the crack tip. However, themaximum stress values
shown in the legend are unreliable due to the singularity
at the crack tip.

Figure 4a shows the vonMises stress statewhere one
can see the general distribution of the stress and how the
tensile stress in the nickel film relaxes to create a sharp
concentration around the crack tip. Figure 4b shows the
normal stress in the x-direction, where the stable uniax-
ial stress in the nickel after relaxation can be seen in the
top-left corner. Interestingly, neutral axes are visible in
both the silicon and nickel portions of the bilayer beam.
Figure 4c shows the normal stress in the y-direction
whose stress values that are much higher than the x-
direction, as expected since this is the primary mode
of fracture. It also displays typical single edge notched
tension crack specimen stress fields for a plane strain
assumption, which suggest that the crack will continue
to propagate straight ahead. The SIFs are calculated
using the stress fields around the crack tip. The FEA
model was solved several thousand more times for the
ranges of inputs shown in Table 2 and all the computed
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Table 2 Simulation parameters

Inputs Roller Height (μm) Handle Tension Nickel Stress Nickel Thickness Crack Length Crack Depth
h T/(h2ENi)×104 σ0/ENi×104 t f /h a/h d/h

Ranges 150 5-240 9-19 0.05-0.17 10-20 0-0.12

Outputs KI (MPa·m1/2) KII (MPa·m1/2)
Targets .75 0

(a) Von-Mises Stress (MPa)

(b) x-axis Normal Stress (MPa)

(c) y-axis Normal Stress (MPa)

Fig. 4 Sample solution stress states
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Fig. 5 Metamodel solutions for crack propagation space for
h = 150µm and a/h = 13.3. a Overview of the solution space.
b Handle load versus crack depth for various film stresses. c

Film stress versus crack depth for various handle loads. d Film
thickness versus crack depth for various film stresses

SIFs are used to create the metamodel whose solution
is shown in Fig. 5. The roller height and crack length
were fixed to typical values of 150µmand a/h = 13.3
in order to create these visualizations, though the actual
model is 6-dimensional.

The surfaces shown in Fig. 5a represent combina-
tions of handle tension, nickel thickness, and nickel
stress that satisfy the criteria stable crack depth, KI I =
0 and KI = KIc(100). These continuous solutions allow
the metamodel to be used to predict the crack depth for
a given set of system parameters. Figure 5b–d high-

light different sections of the solution space. These
plots reveal trends in the effect of each input. For exam-
ple, increasing the tension tends to decrease the crack
depth, which can be logically correlated with increas-
ing tension essentially reducing the edge load created
by the nickel. Increasing nickel thickness and nickel
stress both drive the crack downward and increase the
crack depth. The solution also shows that the handle
tension is a more effective control input when nickel
thickness and stress are low. This can be visualized by
finding regions where the crack depth surfaces aremost
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Table 3 Comparison of experimentally measured crack depth with predicted crack depth

Sample Nickel film
thickness (µm)

Tension (N) Nickel stress
(MPa)

Measured crack
depth (µm)

Predicted crack
depth (µm)

Average error
(µm)

1 14 ± 2.2 13 ± 1.2 260 ± 38 16 ± 3.3 14 ± 4.9 1.7

2 13 ± 1.9 21 ± 1.7 280 ± 43 10 ± 2.0 13 ± 4.4 2.9

3 18 ± 3.6 14 ± 2.4 240 ± 72 18 ± 6.2 22 ± 6.9 4.6

4 22 ± 3.1 15 ± 0.93 170 ± 27 12 ± 2.9 12 ± 3.5 2.7

5 11 ± 2.3 13 ± 3.9 290 ± 33 7.7 ± 2.2 10 ± 3.6 2.3

6 14 ± 3.0 8.8 ± 0.4 220 ± 24 5.2 ± 3.6 6.9 ± 3.5 1.8

7 22 ± 3.3 20 ± 0.25 150 ± 22 6.0 ± 1.0 7.3 ± 1.9 1.3

8 17 ± 1.5 50 ± 0.88 200 ± 22 7.7 ± 1.4 6.6 ± 2.2 1.2

9 16 ± 3.2 24 ± 7.1 220 ± 31 8.2 ± 3.7 12 ± 3.9 3.7

10 16 ± 3.2 17 ± 13 220 ± 29 13 ± 1.5 12 ± 4.6 3.3

11 13 ± 2.0 6.5 ± 0.55 250 ± 39 8.2 ± 4.2 12 ± 5.1 4.0

12 13 ± 2.3 2.9 ± 0.32 270 ± 28 12 ± 2.3 14 ± 4.7 2.3

13 17 ± 1.9 28 ± 0.8 210 ± 40 7.2 ± 3.1 12 ± 3.6 4.4

14 13 ± 1.6 57 ± 0.59 250 ± 37 4.2 ± 1.7 5.0 ± 2.6 1.1

15 18 ± 2.8 19 ± 1.8 210 ± 34 9.0 ± 2.8 12 ± 3.9 3.2

16 18 ± 3.3 8.0 ± 0.41 200 ± 31 9.7 ± 2.2 12 ± 3.6 2.7

Uncertainty shown is one standard deviation

perpendicular to the handle tension axis in Fig. 5a. If
the stress is too low, however, deeper cracks are not
possible, so the ideal region for control may be around
medium stress levels and low nickel thickness to max-
imize the available control of the handle tension while
still achieving a full range of crack depths.

5 Experimental results and comparison

Silicon wafers in (100) orientation and 100 mm diam-
eter are prepared for exfoliation by vapor depositing
titanium adhesion and nickel seed layers and then elec-
troplating a nickel tensile layer in a sulfamate bath.
The assembly is then heat-treated at a 200–250 ◦C for
30 min, after which the nickel layer shrinks and pro-
duces a residual tensile stress in the wafer. The wafer is
then attached to a rigid glass slide using double-sided
polyimide tape, which is then fixed in the exfoliation
tool with a vacuum chuck. The handle layer is attached
to the edge of the wafer and the tension is set and
monitored with a load cell. The rollers are then moved
over the wafer at a speed of approximately 8 mm/min
to exfoliate the film. The wafers are measured before
nickel plating, after nickel plating, and after exfoliation
using a combination of dual KEYENCE LK-H207K

differential laser displacement sensors for point mea-
surements and LEXT OLS4100 confocal microscope
for profile scans to build a full map of thewafer surface.
The tensile stress is calculated using the profile scans
and a modified Stoney’s equation for silicon wafers
(Janssen et al. 2009), which calculates the tensile stress
in the nickel as a function of the film thickness, wafer
thickness, and wafer curvature after annealing. The
crack length, which is the distance to the crack tip to
the point of contact with the roller, was estimated by
creating a landmark in the exfoliated surface by vary-
ing the handle tension during exfoliation. The position
of this mark was then combined with the position of
the roller relative to the edge of the wafer, measured
by a linear encoder on the tool, to calculate the crack
length which was approximately 2 mm. Table 3 shows
a distributed set of experiments that were performed at
a constant roller height of 150 µm.

The values in the table represent the average of a
profile scan across the wafer in the exfoliation direc-
tion. The metamodel predicts the crack depth with an
average error of 2.7 µm, which is well within the aver-
age calculated uncertainty of 3.9 µm. The uncertainty
in the predicted depth includes the uncertainties in the
measurements of the nickel thickness and stress prop-
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Fig. 6 Example profile of predicted depth versus measured depth across one wafer

agated through the metamodel combined with the vari-
ation recorded from multiple measurements across the
wafer. Reducing the uncertainty in the measurements
of nickel thickness and nickel stress would improve
the value of the metamodel and could be achieved with
advanced specializedmetrology equipment.Additional
understanding of how the processing conditions affect
the crack depth predictions can be obtained by looking
at the full profiles of each parameter as they vary across
the wafer.

Figure 6 shows an example wafer profile comparing
the predicted crack depth with the measured depth and
provides the loading in the form of nickel film thick-
ness and stress and handle tension as context. Once the
the crack tip is sufficiently far from the wafer edges,
the crack depth is independent of the crack tip’s posi-
tion relative to the wafer and variation in the depth
is assumed to be caused by changes in the loading
parameters. The peak in the center of the profile was a
landmark created by varying the handle tension to help
measure the crack length. This peak also highlights the
system’s sensitivity to handle tension and its poten-
tial for control. The prediction uncertainty is based on
an analysis of the uncertainty in the measurements of
the variables input into the metamodel and how those
uncertainties propagate through the metamodel to the
final crack depth prediction. The prediction appears to
slightly overestimate the effect of the handle tension,
but the predicted depth appears to follow the measured
depth across the nickel thickness and stress trends well.

To demonstrate the control capabilities of the han-
dle film tension, a similar test was performed but with
a larger step change in tension. The profile for this
test is shown in Fig. 7. Again, the metamodel appears
to slightly overpredict the effect of the handle tension
while accurately following the trends in the profile. In
this case, the load change step was approximately 70 N
which was predicted to induce a 6 µm change in crack
depth. The actual change in depth was 4.3µm. The dis-
crepancy could be caused by a bias in the tension mea-
surement system created by unaccounted for friction in
the roller mechanism that is magnified by high tension
loads. Both plots show non-uniformity in the measured
crack depth profile that is unexplained by the nickel
thickness, stress, and handle tension measurements.
Therefore, this variation is also not demonstrated in the
metamodel prediction. This may be caused by errors
in the measurements or imperfections in the exfolia-
tion tool’s motion due to errors in the constraints and
motion of the linear actuator and roller runout.

These results show that while the handle tension
can be used to effectively influence the crack depth,
other factors like the nickel thickness and stress also
have a strong influence on the resulting crack depth
and can produce nonuniformities in the final product.
Increasing the uniformity of the nickel will improve
results, but this is difficult to achieve with electro-
plating. Since electroplating is inexpensive, accurately
measured nonuniformities could be countered by active
control of the handle tension to produce cost-effective
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Fig. 7 Example wafer profile demonstrating crack depth control with step change

uniform films. Active handle tension control could also
be used to create silicon films as thin as possible more
easily.Without tension control, the nickel thickness and
stress inputs would have to be targeted very near the
point of interface failure. Tension control allows the
inputs to be targeted at a thicker film, which is then
brought to the minimum thickness by increasing the
tension. The handle tension is much easier to adjust
and control than the electroplating process and could
produce thinner films and reduce the requirement for
precise stress layer deposition. The design and con-
struction of a high-precision, low-vibration version of
the tool with active tension control that will minimize
motion and tension measurement errors is underway.
This tool will be used to test the limits of the exfoliated
film thickness and improve uniformity and repeatabil-
ity.

6 Conclusion

This paper presented a model and process for the exfo-
liation of c-Si thin-films with an electroplated nickel
tensile layer. The FEA model was then used to create
a metamodel to predict crack depth for a given system,
and the new tool exploits the handle tension to con-
trol the crack depth. Together, the tool and exfoliation
model provide the basis for cost-effective and scalable
large-area monocrystalline thin-film photovoltaics and
flexible devices.
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