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Abstract: The initial excitation of interface crack of large‑size ultra‑thin chips is one of the most
complicated technical challenges. To address this issue, the reversible fracture characteristics of a
silicon‑based chip (chip size: 1.025 mm × 0.4 mm × 0.15 mm) adhesive layer interface was exam‑
ined by scanning electron microscope (SEM) tests, and the characteristics of a cohesive zone model
(CZM) unit were obtained through peel testing. The fitting curve of the elastic bilinear model was
in high agreement with the experimental data, with a correlation coefficient of 0.98. The maximum
energy release rate required for stripping was GC = 10.3567 N/m. Subsequently, a cohesive mechani‑
cal model of large‑size ultra‑thin chip peeling was established, and the mechanical characteristics of
crack initial excitation were analyzed. The findings revealed that the larger deflection peeling angle
in the peeling process resulted in a smaller peeling force and energy release rate (ERR), which made
the initial crack formation difficult. Tomitigate this, a coupling controlmethod of structure and force
surfacewas proposed. In thismethod, through structural coupling, the change in chip deflectionwas
greatly reduced through the surface coupling force, and the peeling angle was greatly improved. It
changed the local stiffness of the laminated structure, made the action point of fracture force migrate
from the center of the chip to near the edge of the chip, the peeling angle was increased, and the en‑
ergy release rate was locally improved. Finally, combined with mechanical analysis and numerical
simulation of the peeling process, the mechanical characteristics of peeling were analyzed in detail.
The results indicated that during the initial crack germination process, the ERR of the peel interface
is significantly increased, the maximum stress value borne by the chip is significantly reduced, and
the peel safety and reliability are greatly improved.

Keywords: cohesion zonemodel; peeling angle; non‑destructive chip peeling of large‑size ultra‑thin
chip; coupling excitation of crack initiation

1. Introduction
A chip is an integrated circuit manufactured on the surface of a semiconductor chip,

which plays an important role in physics, military applications, science and technology, the
chemical industry, medicine, and other fields [1–4]. Chip peeling and transfer are widely
used for the packaging andmanufacturing of high‑performance devices, such asCPU,DSP,
LED, RFID, and MEMERY, and represent the key to enhancing the performance and reli‑
ability of electronic devices. At present, chips are constantly developing in the direction
of thinness, high performance, and low power consumption [5–7]. The industry IC chip
thickness has been reduced from 120 µm to less than 40 µm, and those used in laboratory
applications have reached the level of 10~20µm. The chip transfer adopts a chip‑based film
laminate structure, which is characterized by a 5–10 µm adhesive layer between the chip
and the base film (made of polyvinyl chloride) [8]. Chip peeling the separation of the inter‑
face to realize the separation of the chip and the substrate. As the chip size becomes larger
and the thickness becomes thinner, the chip is easily bent and deformed together with the
base film during the peeling process, resulting in chip damage or fracture. This problem
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is common in the field of high‑end electronic packaging and testing equipment, and it is a
technical bottleneck restricting the development of related processes, which has resulted
in extensive research. Delamination is also a common problem in many other domains
such as the aerospace industry when dealing with strain measurement instrumentation or
composite delamination, even in rotating parts [9].

The combination of mechanical analysis, finite element simulation, and experimental
analysis is a common method to analyze similar problems. Using finite element analysis
and building a cohesive zone model, Zou et al. clarified the technical feasibility of an ar‑
tificial barrier to control crack height [10]. Neves and Khan et al. used the finite element
method and the cohesive zone model to study the adhesive joint. The simulation proved
to have a good correlation with the experimental results, making it possible to model and
design a hybrid model of the adhesive joint [11,12]. Hong et al. proposed the substrate dy‑
namic release layer (DRL) chip structure and established the finite element and bond zone
model (CZM) to study the evolution of ultra‑thin chip peeling. The results of the model
showed that a longer laser irradiation time can produce larger maximum vapor pressure
and chip transfer speed [13]. Hong et al. also put forward a spring‑buffered chip stripping
technology, which can ensure chip stripping and inhibit chip cracking under large ejector
pin force [14]. Using linear fracture theory, Yin, Peng, and Liu established the fracture me‑
chanical model of interfacial peeling under impact load and calculated the stress intensity
factor at the crack tip, the energy release rate during expansion, and the influencing fac‑
tors [15,16]. The inaccuracy of the linear analysis in the situation, and the dual‑standard
competitive failure criterion of chip fragmentation and bending damage, as well as the
flexible needle, multi‑needle scheme, vacuum, and flexible suction control strategies were
proposed. Cheng of Northwestern University in the United States analyzed the transfer
process of stamp/ink‑type chips, revealing the phenomenon of an initial fracture value at
low speeds [17]. Jeon proposed a blowing peeling scheme, where the chip is peeled off by
combining an air blowing force under the substrate (≤90 kpa) and the appropriate speed of
the upper suction nozzle (≤50mm/min) [18]. Behler implemented a step‑difference needle
to realize peeling of large‑size ultra‑thin memory chips through the coupling of structure
and rate [7]. It can be found that, generally, the simplified beam model and the macro‑
scopic fracture mechanics linear small deformation theory are used to analyze the peeling
process. As the size of the chip becomes larger, the thickness becomes thinner, the flexibil‑
ity of the chip increases, and the deflection during the peeling process becomes larger; the
linear small deformation theory still cannot correctly analyze this process, and thus a new
mechanical model is needed.

The SEM test in the next section shows that the chip peeling process is essentially the
crack tip extension process between the chip and the adhesive layer interface, which can
be analyzed by the adhesive interface separation mechanical model. Williams studied the
stress and pre‑strain in the process of interfacial fracture and proposed a general criterion
of initial peeling from the perspective of energy [19]. Molinari focused on the introduction
of the cohesive zone model (CZM) in the crack tip region and identified that the size of
the cohesion zone is related to the peeling angle [20,21]. Kovalchick and Yang explained
that the ERR and peeling rate showed a power‑law relationship [22]. Other relevant stud‑
ies focused on the peeling under rigid substrates, which lay a theoretical foundation for
the research of peeling excitation under large deflection and large deformation of flexible
substrates [23,24].

This paper is a new attempt to apply the adhesive peel model and CZM unit to chip
peeling analysis. In this paper, an adhesive peeling model was established to analyze the
initial peeling process. Combined with simulations under a large deformation, the impact
of changes in the peeling angle on initial peeling was revealed. On this basis, structural
coupling and force surface coupling strategies were proposed, dividing the chip peeling
process into two stages; the initial peeling stage and the crack propagation stage, to effec‑
tively improve the peeling speed and reduce the stress–strain state of chips.

In this paper, our research is organized as follows:
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Section 1 of the research discusses the importance of chip delamination and the pro‑
posed approach for analyzing the process. It focuses on the use of adhesive delamination
models and CZM elements, along with structural and force‑coupling strategies to divide
the chip removal process into initial detachment and crack expansion stages.

Section 2 establishes a cohesive fracture mechanics model and analyzes the cohesive
force unit model, determining that a bilinear‑CZM model is appropriate for describing
chip detachment behavior. Furthermore, a mechanical analysis of chip bonding and de‑
lamination is conducted to establish the relationship between lifting rate and the energy
required for delamination.

Section 3 details the simulation experiments based on the findings from Section 2 and
discusses the effects of factors such as chip size and lifting speed on crack initiation and
stress during chip removal.

Section 4 proposes a coupling fracture initiation model for adhesive interface cracks,
with a focus on the mechanical characteristics of this model.

In Section 5, we simulate the characteristics of crack initiation in large‑sized ultra‑thin
chips and discuss how the delamination angle condition can be improved during crack
initiation to reduce the local stress of chip removal.

Finally, Section 6 provides conclusions and outlines plans for further research.

2. Mechanical Modeling and Fracture Analysis of Chip Adhesion Interface
2.1. Adhesion and Peeling Model

The traditional research on chip peelingmainly focuses on the chip–adhesive–substrate
structure, using linear small deformation theory andmacroscopic fracturemechanicsmeth‑
ods to analyze the adhesive layer fracture [25–28].

When the chip size is small and the thickness is large, and the chip deformation can
be almost negligible, this model is somewhat representative and can reflect the fracture
problem at the interface to a certain extent. As the chip size increases and the thickness de‑
creases, the flexibility of the chip increases, and large deflection deformation occurs during
the peeling process. To understand the essential characteristics of adhesive fracture, SEM
experiments were conducted. Figure 1 shows the results after multiple round of adhesion
and peeling. In Figure 1a, the surface of the epitaxial sheet was smooth with almost no ad‑
hesive residue, and the entire peeling process was reversible. On the other hand, Figure 1b
presents a clear filament phenomenon at the crack tip region, which undergoes initiation,
propagation, and detachment, and the crack tip region presented a common extension dis‑
tribution.
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Figure 1. Electron microscope scanning test. (a) Chip epitaxy after multiple peeling; (b) interface
separation crack tip.

The results show that the chip peeling process is consistent with the extension process
of the crack tip between the chip bonding layer interface, which can be simulated using the
CZMmodel. In reality, the chip peeling is shown in Figure 2, where the central hole on the



Processes 2023, 11, 1637 4 of 24

upper surface of the needle cover is vacuum‑absorbed to fix the chip, and the outer ring
hole is vacuum‑absorbed to fix the blue film around the chip. During peeling, the chip is
pushed up by the needle, and the membrane deformation produces a peel force. Once the
peeling force at the junction of the chip and the adhesive layer exceeds the adhesive force,
the initial fracture begins to occur.
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The edge of the suction hole closest to the chip is regarded as the chip peeling fixed
support boundary for chip peeling, and the peeling model is illustrated in Figure 3a. Dur‑
ing peeling, the chip exhibits symmetrical deformation with the needle tip serving as the
fulcrum, as shown in the simplified model depicted in Figure 3b.
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Figure 3. Chip Interface Crack Germination Model. (a) Simplified model; (b) cantilever model.

The figure illustrates various parameters and variables: a1 is the length of the fixed
support boundary, a is the chip length, D1 is the inner diameter of the contact surface
between the needle and the chip, δ is the thickness of the chip, D2 is the outer diameter
of the contact surface between the needle and the chip, d is the thickness of the blue film,
andWB1 is the largest chip vertical deflection, θt is the deflection angle of the soft film, θB
is the maximum turning angle of the chip, θP is the peeling angle, h is the lifting height
of the chip, Fneedle is the force exerted by the ejector pin, Fcollector represents the downward
pressure applied by the collector, and FL is the blue film pulling force.

2.2. Test for CZM UNIT
Adhesion and peeling are realized through the initiation and extension of the crack

tip area. In order to describe the adhesive characteristics more accurately, a CZM cohesion
unit was established through experimental measurements to determine the relationship
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between deformation and peeling force. Considering that the crack during initiation is
mainly an opening mode crack, the probe test method was adopted in the test [29].

The instrument used in the test is the multifunctional push–pull force meter shown
in Figure 4. The column is attached to an XY micro‑movement translation stage (reso‑
lution: 0.002 mm). The Z‑direction platform module (resolution: 0.001 mm, effective
stroke 75 mm) is integrated with a load cell (accuracy: 0.001 g) at the end. The device
samples through sensors and observes the experimental process using a microscope. The
comprehensive accuracy error of this platform is within 0.01%, with a minimum speed of
0.01 mm/s and an average resolution of 2 mm.
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The experiment was set up as shown in Figure 5. First, clean the glass plate with dis‑
tilled water, wipe it with an acetone solution and keep it dry until use. Next, cut off part
of the blue film (surface protective film, spv‑224srb, Nitto, Osaka, Japan) and use ethyl
cyanoacrylate to dry it quickly. The adhesive adheres the adhesive surface of the blue film
to the substrate. After standing for 3 h, clamp the glass plate on the micro‑motion plat‑
form of the push–pull tester. Finally, fix the single‑sided polished silicon wafer (nanoscale,
thickness 650± 20 µm, crystalline phase P<100>, growthmethod CZ, resistivity 0–20 Ωcm)
on the push–pull knife that pushes the Z‑axis. The test steps are as follows:
(1) Move the Z‑axis downward at a constant speed of 0.05 mm/s until the square piece

on the broach contacts the blue film and maintain the contact pressure at 10 N;
(2) Set the holding time to 120 s;
(3) Control the Z axis to lift at a speed of 1 mm/s;
(4) Repeat the above steps cyclically to obtain multiple sets of test data.
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The experiments were conducted at a test environment temperature of 21.2 ◦C, and
the Levenberg–Marquardt iterative algorithm was utilized to fit the stress–displacement
curve data acquired during the separation of the blue film from the polished silicon wafer.
The fitting curves of the three CZMs are shown in Figure 6. The results show that the fit‑
ting curve of the elastic bilinear model (Bilinear‑CZM) had the highest agreement with the
experimental data, and the correlation coefficient was as high as 0.98. Therefore, the bilin‑
ear model (Bilinear‑CZM) can be used to describe the chip peeling process. The cohesion
model parameters obtained are provided in Table 1.

Processes 2023, 11, x FOR PEER REVIEW 6 of 23 
 

 

Silicon wafer 
probe

Glass plate

Surface 
Protective Film

 
Figure 5. Test specimen and process. 

 
Figure 6. Fitting curves of CZM and experimental data. 

Table 1. Fitting parameters of CZM. 

CZM Model σmax/Pa δ0/mm δ1/mm δ2/mm δc/mm R2 
Bilinear 297,821.664 0.02576   0.06955 0.97783 

Polynomial 235,543.553 0.03341   0.06683 0.88844 
Elastoplastic 251,316.990  0.02014 0.03464 0.06877 0.97076 

2.3. Mechanical Criterion of Crack Initiation at Adhesive Interface 
The mechanical model of chip peeling is similar to Kendall’s soft tape peeling model 

[30,31], as presented in Figure 7. The experimental model uses rigid substrate soft film 
peeling mechanics. Among them, Pf is the peeling force, θ0 is the peeling angle, Δc is the 
length of the cohesive zone, d is the thickness of the soft film, Gc is the unit surface peeling 
energy, and Efilm is the elastic modulus of the soft film, Echip is the elastic modulus of the 
chip. Assuming that the surface bonding energy of the bonding interface per unit area is 
US, when the peeling rate is constant, the adhesive layer absorbs the energy generated by 
the peeling force Wp and converts it into the cohesive energy of the adhesive layer in the 
CZM cohesive zone ΔII. As the interface separates, the solid–solid interface between the 
chip and the adhesive layer is transformed into the solid–gas interface between the chip 
air and the colloid air, and energy is accumulated within the adhesive layer ΔII. Overcom-
ing the surface energy of bonding interfaces in ΔII, the effective work performed by ΔUS 
is called the unit energy release rate G, and the dissipated energy is converted into internal 
energy, thermal energy, and other energies of the material. 

Figure 6. Fitting curves of CZM and experimental data.

Table 1. Fitting parameters of CZM.

CZMModel σmax/Pa δ0/mm δ1/mm δ2/mm δc/mm R2

Bilinear 297,821.664 0.02576 0.06955 0.97783
Polynomial 235,543.553 0.03341 0.06683 0.88844
Elastoplastic 251,316.990 0.02014 0.03464 0.06877 0.97076

2.3. Mechanical Criterion of Crack Initiation at Adhesive Interface
The mechanical model of chip peeling is similar to Kendall’s soft tape peeling

model [30,31], as presented in Figure 7. The experimental model uses rigid substrate soft
film peeling mechanics. Among them, Pf is the peeling force, θ0 is the peeling angle, ∆c is
the length of the cohesive zone, d is the thickness of the soft film, Gc is the unit surface peel‑
ing energy, and Efilm is the elastic modulus of the soft film, Echip is the elastic modulus of
the chip. Assuming that the surface bonding energy of the bonding interface per unit area
is US, when the peeling rate is constant, the adhesive layer absorbs the energy generated
by the peeling forceWp and converts it into the cohesive energy of the adhesive layer in the
CZM cohesive zone ∆II. As the interface separates, the solid–solid interface between the
chip and the adhesive layer is transformed into the solid–gas interface between the chip air
and the colloid air, and energy is accumulated within the adhesive layer ∆II. Overcoming
the surface energy of bonding interfaces in ∆II, the effective work performed by ∆US is
called the unit energy release rate G, and the dissipated energy is converted into internal
energy, thermal energy, and other energies of the material.
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The relationship between the peeling energy release rate, peeling force, and peeling
angle is:
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b
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In Equation (1), the first term on the right side of the equation is the deformation en‑
ergy of the soft film, and the second term is the work done by the peeling force. Assuming
that the unit surface peeling energy is Gc, the criterion for crack initiation by interfacial
peeling is:

G = Gc (2)

With a constant Gc, there is a negative correlation between the peeling angle θ0 and
the peeling force Pf. Essentially, as the peeling angle θ0 decreases, the peeling force Pf
increases, and as the peeling angle θ0 increases, the peeling force Pf reduces. In addition,
there is a positive correlation between the energy release rate G and the peeling angle θ0,
meaning that as the peeling angle θ0 decreases, the G also decreases and as the peeling
angle θ0 increases, the G also increases.

When the chip is peeling, the peeling force Pf is affected by the geometric relationship
between the peeling angle θp and the bending deflection of the chip. As shown in Figure 3b,
let b be the adhesive width, and the relationship is as follows:

FL = E f ilmdb
(

1
cos θt

− 1
)

θt = θB1 + θp =
3 sin θtFLa2

2Echipbδ3
chip

+ θp

(3)

From Equations (1) and (3), it can be seen that the peeling energy release rate G in the
process of chip peeling is only related to the peeling angle θp and the geometric relation‑
ship, and the relationship is as follows:

G =
1
2

E f ilmd
(

1
cos θt

− 1
)2

+ E f ilmd
(

1
cos θt

− 1
)
(1 − cos θp) (4)

Therefore, it can be concluded that the peeling energy release rate G is primarily de‑
pendent on the peeling angle θp and the geometry during crack initiation. The peeling
angle θp can therefore serve as an important parameter of the peeling energy release rate
during the interface separation process. In addition, the peeling angle θp is easy to observe
and measure during the peeling process, making it a key parameter in the analysis of chip
peeling.
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2.4. Mechanical Analysis of Crack Initiation Process
If the chip is thicker and more rigid, the deformation during peeling is small. As

shown in Figure 8, the relationship between the peeling angle and the length of the chip
and the fixed support boundary is as follows:

tan θp = tan θt =
2h

a1 − a
(5)
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When the chip becomes larger and thinner, the flexibility becomes stronger, and the
deformation is larger during peeling. As shown in Figure 9, the actual peeling angle θp is
computed as the difference between the deflection angle θt of the soft film and the maxi‑
mum rotation angle θB of the chip:

θp = θt − θB ≈ arctan(
2(h − wB1)

a1 − a
) (6)
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Figure 9. Mechanical model of crack initiation.

A comparison between the two indicates that the peel angle decreases as the bending
deflection of the chip increases. This occurs because the film tension is harder to convert
into an effective peel force, leading to a decreased energy release rate during peeling and
a reduced likelihood of interface crack initiation.
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Furthermore, Kovalchick has discovered that the crack initiation and propagation are
also related to the peeling rate. The energyGE required for peeling varieswith the interface
peeling rate vc, and the two show a power‑law relationship as shown in Equation (7):

GE(v) = G0

(
v
v0

)ε

(7)

where v0 is the peeling rate,G0 is the energy required for peeling, v is the actual peeling rate,
and ε is a power‑law constant (determined by the properties of the chip and the adhesive
material.

The adhesion peeling initial crack is shown in Figure 10. The length of the cohesive
zone is ∆c and the length is about 10 µm. If the peeling angle remains approximately
unchanged during the crack initiation, the relationship between needle speed vneedle and
the interface peeling rate vc approximately satisfies Equation (8).

1 
 

 

Figure 10. The process of crack initiation at the rigid die bond‑peel interface during peeling.

vc =
vneedle
tan θp

=
vneedle
tan θt

(8)

Equation (8) shows that the required peeling energy is positively related to the needle
lifting rate, which is deduced as Equation (9).

Gc = GE(v) ∝ vn
c = GE(v) ∝ vn

needle (9)

where n is a constant related to base film material, substrate material, size specification,
type of adhesive, etc.

When the chip becomes larger and thinner, its flexibility increases. If the needle exerts
force as shown in Figure 11, the bending deformation of the chip increases, thus compress‑
ing the peeling angle θp in themechanicalmodel to θp1. Consequently, the interface peeling
rate compared to the case of a rigid chip vc is raised to vc1, satisfying Equation (10).
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vc1 =
vneedle
tan θp1

=
vneedle

tan(θt1 − θB)
> vc (10)

Equation (10) shows that the required peel energy is increased compared to rigid
chips, which is expressed as:

Gc = GE(v) ∝ vn
c1 > GE(v) ∝ vn

c (11)

To enhance the peeling performance, the pushing velocity vneedle is continuously in‑
creased. This leads to an increase in the interface peeling energy Gc that needs to be
overcome, necessitating a higher energy release rate for successful peeling. Consequently,
crack initiation becomes challenging.

3. Results and Discussion
As discussed earlier, the size, thickness, and peeling speed of the chip all impact the

initial interface crack generation process. These effects can be correlated and characterized
by the peeling angle to a certain extent. In order to better understand this relationship, a
three‑dimensional finite element model of the peeling systemwas constructed in combina‑
tion with the CZM unit to simulate the peeling process.

The chip, collector, and needle materials are shown in Table 2. In the chip peeling
experiment, the thickness of the adhesive layer was only 5 µm, which is much smaller than
the thickness of the blue film and the chip. It was no longer set separately in the geometric
model and was replaced by the cohesive zone unit embedded in the zero‑thickness layer
by the finite element calculation platform.

Table 2. Simulation parameter settings.

Materials Elastic Modulus Poisson’s Ratio

Chip Silicon substrate 129 GPa 0.28
Blue film PVC 148 MPa 0.3
Needle Structural steel 200 GPa 0.3
Collector Structural steel 200 GPa 0.3

The downward pressure of the collector was 0.08 N, and the peeling process was sim‑
ulated over a time of 1× 10−4 s. The tip radius of the needle was 0.025 mm. The thickness
of the blue film was 0.075 mm, and the width of the chip was 0.2 mm.

3.1. Influence of Chip Size on Crack Initiation
We set the chip thickness to δ = 0.03 mm and the needle pushing speed

vneedle = 0.2 mm/5 ms. Two cases of a = 0.4 mm, a1 = 1.2 mm and a = 2 mm, a1 = 2.8 mm
were selected for the simulation, and the influence of the chip size on crack initiation was
analyzed.
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The change process of peeling angle and peeling force in the two cases is shown in
Figure 12. When a = 0.4 mm, the chip did not bend significantly during the whole crack
initiation process, and the peeling angle was approximately equal to the deflection angle
of the blue film. The initial crack was produced at a lifting height of 0.0993 mm, with the
peeling angle and peeling force reaching 12.54788◦ and 0.02325N, respectively. In contrast,
when a = 2 mm, the crack did not initiate even when the lifting height was 0.2 mm, and the
peeling angle and peeling force were considerably smaller than the former. This indicates
that as the chip size increases, its deformation increases, leading to a smaller peeling angle
at the same lifting height, and a more difficult crack initiation. These results align with the
analytical findings.
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3.2. Influence of Chip Thickness on Crack Initiation
We set a = 2 mm, a1 = 2.8 mm, needle lifting speed vneedle = 0.2 mm/5 ms, and chip

thickness δ = 0.03 mm or δ = 0.1 mm. The influence of the chip thickness on crack initiation
is analyzed.

The changes in peeling angle and peeling force were analyzed in two cases, as shown
in Figure 13. In the first case, when δ = 0.1mm, the crack initiationwas completedwhen the
chip was lifted to 0.1815 mm, and the peeling angle and peeling force reached 16.60008◦
and 0.03493 N, respectively. In the second case, when δ = 0.03 mm, the crack was not
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initiated even if the chip was lifted to 0.2 mm; the peeling angle was only 11.6672◦ and the
peeling force reached 0.05047 N.
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3.3. Influence of Lifting Speed on Crack Initiation
We set δ = 0.03 mm, and a = 0.4 mm, a1 = 1.2 mm or a = 2 mm, a1 = 2.8 mm. In both

cases, the needle lift speed was set to vneedle = 0.2 mm/5 ms and vneedle = 0.2 mm/500 ms, and
influence of lifting speed on crack initiation was analyzed.

The comparison of the peeling angle and peeling force in the two cases is shown in
Figure 14. Both cases achieved initial crack germination at a lift of 0.0993 mm. The peeling
angle and peeling force at 5 ms and 500 ms were 12.54788◦ and 0.02325 N and 12.53796◦
and 0.02266 N, respectively; the former increased by about 0.079% and 2.6%, indicating
that the increase in the lifting rate leads to an increase in the energy required for initial
peeling, which is consistent with the analytical results.

The comparison between the peeling angle and peeling force in the two cases is shown
in Figure 15. Thedata results are consistent and indicate that the traditional peelingmethod
is unable to initiate the crack, even if the lifting time is slowed down to an unacceptable
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level of 5 ms to 500 ms. This highlights the difficulty of crack initiation through traditional
peeling techniques.
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3.4. Stress of Chip during Crack Initiation
We set the lifting velocity vneedle = 0.2 mm/5 ms, δ = 0.03 mm, a = 0.4 mm, a1 = 1.2 mm,

δ = 0.03 mm or a = 2 mm, a1 = 2.8 mm, δ = 0.1 mm, or a = 2 mm, a1 = 2.8 mm. The changes in
chip stress during the crack initiation under the three conditions are shown in Figure 16.
In the first two cases, the chip stress remained within safe levels (the limit value of 1%
probability fracture damage strength of silicon substrate, which is about 71 MPa when
δ = 100 µm and about 345 MPa when δ = 30 µm), indicating that this peeling method is
effective for chips with a smaller size or larger thickness, and canmeet the requirements of
crack initiation. However, in the third case, the chip stress exceeded the safety limit before
the crack was initiated during the lifting process, resulting in damage or even fracture.
Even when a = 2 mm, a1 = 2.8 mm, δ = 0.03 mm, and the lifting velocity was reduced to 1%,
the initial crack still could not be initiated. This suggests that as the chip becomes larger
and thinner, reducing the lifting rate is not a feasible way to achieve crack initiation with
the traditional peeling method.
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The influence of lifting velocity on the maximum equivalent stress of the chip
is shown in Figure 17. When a = 2 mm, a1 = 2.8 mm, and δ = 0.03 mm, compared
vneedle = 0.2 mm/500 ms with vneedle = 0.2 mm/5 ms, the ultimate stress of the chip
was reduced from 455.17 MPa to 451.32 MPa, indicating a reduction of about 8.46‰. If
a = 0.4 mm, a1 = 1.2 mm, and δ = 0.03 mm, the peeling process became easier with a
slower lifting velocity, but it only changed the equivalent maximum stress of the chip from
53.043 MPa to 53.215 MPa, showing a difference of only 3.24‰. Even if the lifting rate was
reduced by 100 times, the variation range of the equivalent maximum stress of the chip
was different by a few thousandths of a MPa. This indicates that the effect of reducing the
lifting velocity on reducing the equivalent maximum stress of the chip is not obvious.
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4. Coupled Initiation Mode of Adhesive Interfacial Crack
4.1. Principle of Coupling Initiation

The analysis above shows that with the increase of chip size and thickness, the proba‑
bility of chip damage and fragmentation increases, and the initial stripping becomes more
and more difficult. Additionally, the importance of the peel angle in crack initiation and
the way in which the geometric structure influences the peel angle suggest that structural
optimization may offer a new solution for increasing the peel angle during crack excita‑
tion. Therefore, the peeling strategy including two features, structural coupling and force
surface coupling, was proposed and is shown in Figure 18.
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Figure 18. Schematic diagramof the crack coupling initiation strategy. (a) Initial state of face collector
down pressure and face lifter coupling; (b) Initial state of face collector down pressure and face lifter
coupling.

Firstly, the needle was redesigned as a face lifter embedded with the needle, and the
displacement load is applied by the surface load (Figure 18a).

Secondly, the single hole suction nozzle (collector) was redesigned into a face collec‑
tor with multi holes. At the beginning of peeling, the suction nozzle and the lifter sur‑
face are coupled with each other, and the coupling force surface is constructed by “lower
pushing—upper pressing” to suppress the bending deformation of the chip during the
crack initiation. Through structural coupling, the bending deformation of the chip is re‑
duced, the change of peeling angle is controllable, and the effective peeling force is im‑
proved. Through force surface coupling, chip local stiffness is also improved, leading to a
reduction in deformation and stress.

After the completion of the interface crack initiation, the interface crack propagation
process begins. The phased control strategy process for crack propagation is shown in
Figure 19.

Figure 19. Staged control strategy for crack propagation. (a) Face‑lifter lifting crack propagation
stage; (b) needle lifting crack propagation stage; (c) crack propagation end stage.
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(1) After the completion of the coupled strategy for interface crack initiation, the lifting
surface continues to lift, and the crack begins to propagate. The contact area between
the chip and the blue film interface gradually decreases until the blue film, which has
completed the expansion, is about to contact the lifted structure of the surface. The
crack propagation will be hindered by the lifted structure of the surface.

(2) Due to the fact that the lifting surface will hinder the propagation of the crack, the
top needle is chosen to replace the lifting surface to continue lifting, in order to avoid
the situation where the lifting surface affects the peel angle and interferes with the
initiation of the peel energy release rate, which ultimately leads to a slowdown of the
crack propagation rate. Therefore, it is necessary to control the rapid descent of the
lifting surface.

(3) The top needle continues to lift until the crack propagates to around 70–80% of the
original interface contact area, and the crack propagation is completed. Finally, only
the swing arm is needed to control the suction cup to lift and continue to operate to
complete the transfer of the chip.

Under the coupling action of the structure and force plane, only the part of the chip
outside the coupling area is involved in the peeling, which reduces the length of the chip
involved in the peeling and reduces the length thickness ratio of the chip. In fact, the
step‑difference needle implemented by Swiss Bessie, the gas needle proposed by Jeon of
Korea, and the multi‑thimble needle presented by Peng and Yin of Huazhong University
of Science and Technology all imply the idea of structural coupling excitation. In essence,
they are all specific applications of this strategy.

4.2. Optimization of Mechanical Properties
By comparing the mechanical characteristics before and after the coupling method,

the optimization effect was analyzed. The simplified model of the chip in the traditional
mode is shown in Figure 20, and the maximum deflectionWB1 of the bending part is:

WB1 =
FLsinθt(

a
2 )

3

3Echip Ichip
=

FL sin θt

2Echipb

( a
δ

)3
(12)

The maximum rotation angle θB1 is:

θB1 =
3FL sin θt(a)2

2Echipbδ3 =
3FL sin θt

2Echipbδ

( a
δ

)2
(13)

The maximum stress σ′/max of the chip is:

σ′max =
3FLsinθt(a)

bδ2
FL cos θt

bδ
(14)

The peeling angle θp is:

θp = arctan
(

2(h − WB1)

a1 − a

)
− θB1 (15)

The mechanical model under the coupling mode is shown in Figure 21. The deforma‑
tion area of the chip is limited to the part between the edge of the coupling surface and the
edge of the chip, and the chip bends with the edge of the coupling surface as the origin
and is symmetrical on the left and right.
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The maximum deflectionWB3 of the bending part is:

WB3 =
FLsinθt(
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FL sin θt

2Echipb
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The maximum rotation angle θB3 is:

θB3 =
3FL sin θt(a − a0)

2

2Echipbδ3 =
3FL sin θt

2Echipbδ

(
a − a0

δ
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(17)

The maximum stress σmax of the chip is:

σmax =
3FLsinθt(a − a0)

bδ2
FL cos θt

bδ
(18)

The peeling angle θ′/p is:

θ′p = arctan
(

2(h − WB3)

a1 − a

)
− θB3 (19)

Under the action of the coupling force, the effective length thickness ratio involved in
the peeling process changes from a/δchip to (a1 − a)/δchip, and the length thickness ratio of
the chip involved in crack initiation decreases. With this change, the length thickness ratio
of the chip involved in crack initiation decreases and the peeling angle θp (θp = θt − θB) is
much larger compared to the traditional mode. The essence of the coupling action is to
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transform the peeling of large‑scale ultra‑thin chips into a small‑size thick chip peeling.
The size design of the coupling force surface should satisfy the following relationship:

σmax =
3FL sin θt(a − a0)

bδ2 +
FL cos θt

bδ
≤ [σ] (20)

where [σ] is the damage limit stress of the chip, and the size a0 of the coupling surface
should meet the following requirements:

a > a0 ≥ a − bδ2

3FL sin θt
[σ] +

δ

3 tan θt
(21)

5. Simulation Analysis on Crack Initiation Characteristics
As mentioned earlier, the face lifter is a surface structure with a needle embedded

in the middle. Similarly, the face collector also has a surface structure. In theory, their
surfaces can have different shapes. For simplicity, it is assumed that they have the same
surface shape. Crack initiation characteristics can be analyzed with simulations. The basic
parameters of the geometry and materials are shown in Table 3.

Table 3. Simulation parameter settings.

Materials Elastic Modulus Poisson’s Ratio

Chip Silicon substrate 129 GPa 0.28
Blue film PVC 148 MPa 0.3
Face lifter Structural steel 200 GPa 0.3

Face collector Structural steel 200 GPa 0.3

The chip specifications of the simulation model were a = 2 mm, a1 = 2.8 mm, and
δ = 0.03 mm. The thickness of the coupling structure (simplified face lifter and collector)
was 0.05 mm and the width was 0.18 mm. In the crack initiation, the surface suction nozzle
was contacted and pressed down (the time required for the down pressure to be 0.08Nwas
set to 1 × 10−4 s), and then the face lifter was pushed up.

5.1. Peeling Angle and Chip Stress in Coupling Mode
The lifting velocity was set to vFace = 0.2 mm/5 ms, and the coupling size was

a0 = 1.2 mm. The comparative analysis between the coupling mode and the traditional
mode is shown in Figure 22. In the coupling mode, the chip was successfully lifted up
to 0.04444 mm, with a peeling angle of 6.42462◦ and a peeling force of 0.00986 N. In con‑
trast, the traditional mode could not lift the chip at 5 ms/0.2 mm, and the crack could only
be initiated at a higher speed. Additionally, the peeling angle in the coupling mode was
significantly larger, and the peeling force was effectively improved in comparison to the
traditional mode.

The chip stress in the couplingmode is shown in Figure 23; themaximum stress of the
chip was 98.907 MPa, which is significantly lower than that in the traditional mode, which
exceeded the safety limit of 345 MPa.
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Figure 22. The coupling strategy is compared with the traditional method, when a = 2 mm,
a1 = 2.8 mm, a0 = 1.2 mm, δ = 0.03 mm (vFace = 0.2 mm/5 ms) (a) Peeling angle change curve; (b)
peel force change curve.
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This shows that the coupling strategy can obviously reduce the chip stress during the
crack initiation of large‑size ultra‑thin chip peeling. The safety and reliability have been
greatly improved.
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5.2. Influence of Lifting Velocity Size in Coupling Mode
We set a0 = 1.2 mm, the lifting velocity as vFace1 = 0.2 mm/500 ms or vFace2 = 0.2 mm/5

ms, and analyzed influence of the lifting velocity.
The results are shown in Figure 24. When the lift time t = 5 ms, the crack was initiated

when it was lifted to 0.04444 mm; the peeling angle and peeling force were 6.27859◦ and
0.0095N, respectively. When t = 500ms, the crackwas initiatedwhen itwas lifted to 0.04344
mm; the peeling angle and peeling force were 6.42462◦ and 0.00986 N, respectively. With
an increase in lifting distance by 0.001 mm, the corresponding peeling angle and peeling
force increased by 2.33% and 3.79%. The results indicate that under the coupling strategy,
secure crack initiation can be achieved without reducing the lifting velocity. This finding
is consistent with the conclusion of the aforementioned analysis.

Figure 24. Under the coupling strategy, the comparison of changing the jacking rate when
a = 0.4 mm, a1 = 1.2 mm, δ = 0.03 mm. (a) Peeling angle change curve; (b) peel force change curve.

5.3. Influence of Coupling Surface Size in Coupling Mode
We set vFace = 0.2 mm/5 ms, and the size of the coupling surface is set to a0 = 0.6 mm

or a0 = 1.2 mm for comparative analysis.
The results are presented in Figure 25, where it can be observed that the 0.6 mm chip

initiated a crack when lifted to 0.05169 mm, while in Figure 26, the 1.2 mm chip initiated
a crack when lifted to 0.04444 mm. The peeling angle of the 1.2 mm chip was larger than
that of the 0.6 mm chip, with the peeling angle and peeling force of the 0.6 mm chip being
5.631◦ and 0.01026 N, respectively, whereas those of the 1.2 mm chip were 6.42462◦ and
0.00986 N, respectively.
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Figure 26. Under the coupling strategy, the comparison of changing the coupling surface size when
a = 2 mm, a1 = 2.8 mm, δ = 0.03 mm (vneedle = 0.2 mm/5 ms). (a) Peeling angle change curve; (b) peel
force change curve.

In addition, when a0 = 0.6 mm, the chip stress during the lifting process was greatly
increased compared with that when a0 = 1.2 mm. As shown in Figure 26, the maximum
stress was increased to 242.83 MPa, an increase of 145.51%, indicating that the chip stress
has an important relationship with the coupling structure; thus, the design of the coupling
size is very important for the safe stripping of the initial interface.

The coupling strategy improves the stiffness of the chip in the coupling area, and the
chip transforms from the overall large deflection deformation to the local small deflection



Processes 2023, 11, 1637 22 of 24

deformation, which essentially linearizes the nonlinear deformation problem of the large‑
scale ultra‑thin chip and realizes controllable crack initiation. This strategy improves the
peeling angle conditions in the crack initiation process, enabling effective conversion of
blue film tensile force into peeling force and reducing the local stress of the chip. Conse‑
quently, even at higher peeling velocities, the crack can be safely initiated.

6. Conclusions
This paper presents an adhesive peeling model based on the cohesive zone model to

analyze the fast and non‑destructive peeling characteristics of large‑size ultra‑thin chips.
The results show that large deflection deformation leads to a decrease in the peeling an‑
gle, resulting in difficulties in improving the peeling force and energy release rate. To ad‑
dress this, a coupling peeling strategy was proposed to increase the peeling angle during
crack germination. This strategy employs structural coupling to improve the local flexi‑
bility of the chip and utilizes force surface coupling to improve the overall stiffness of the
chip, especially a part of the coupling area, thereby improving the control conditions of the
peeling angle. Mechanical analysis and 3D simulation based on a CZM unit showed that,
compared with the traditional peeling process, the coupling strategy increased the strain
mismatch effect between the chip and the soft membrane promoting rapid peeling angle
excitation and increasing the peeling energy release rate. Additionally, the surge of chip
stress can be effectively restrained, thereby improving the peeling safety and reliability.

The coupling strategy improved the stiffness of the chip in the coupling area, so that
the chip peeling transforms from the overall large deflection deformation to a local small
deflection deformation. This strategy improves the peel angle control conditions in the
crack initiation process, promotes the effective conversion of the blue film tensile force into
the peel force, reduces the local stress of the chip, can be safely initiated even at a higher
peel rate, and improves the peeling performance. However, after the crack successfully ini‑
tiates, it will rapidly expand. If handled improperly, the coupling structurewill formobsta‑
cles. The following research will mainly focus on the coupled acceleration control of crack
propagation in large‑sized and ultra‑thin chips, studying the mechanical characteristics
of crack propagation acceleration, the coupled acceleration control strategy of crack prop‑
agation, selecting appropriate peeling methods, establishing a three‑dimensional model,
and conducting corresponding finite element analysis to determine the effect of coupled
acceleration control on the variation in peeling angle.
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