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In recent years, with the rapid development of the flexible electronics industry, there is an urgent need for a large-area,

multilayer, and high-production integrated manufacturing technology for scalable and flexible electronic products. To solve

this technical demand, researchers have proposed and developed microtransfer printing technology, which picks up and

prints inks in various material forms from the donor substrate to the target substrate, successfully realizing the integrated

manufacturing of flexible electronic products.
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1. Kinetic Control Transfer Printing

Rogers et al.  were the first to propose a kinetically controlled transfer printing method. This method uses velocity to

dynamically control the adhesion force switching between interfaces to achieve transfer printing, because of the adhesion

characteristics of PDMS. The energy release rate   of the seal/ink interface depends on the layering speed ν,

while the energy release rate    of the ink/target substrate interface is independent of velocity. The main

process of kinetic control transfer is as follows: The ink is extracted from the donor substrate by using the adhesion

characteristics of the seal through a relatively large stripping speed (about 10 cm/s, i.e.,    ).

The seal and ink are contacted with the target substrate, and the seal is extracted at a relatively small stripping speed

(about 1 mm/s, i.e.,    ). Additionally, the ink is transferred to the target substrate. Figure 1a,b

shows the mechanical model diagrams of the extracting film and printing film processes. Feng et al.  regarded the

seal/substrate interface separation as a steady-state crack propagation process. Figure 1c shows the schematic diagram

of the seal interface separation when subjected to a vertical upward pull F. The energy release rate is
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where G is the energy release rate, F is the tensile force, and   is the width of the seal. Formula (2) is the energy release

rate of the seal/film interface, which is
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where    is the critical energy release rate, ν is the stripping speed,    is the reference stripping speed, and    is the

scaling parameter determined during the experiment. Formula (2) applies to various stripping speed ranges, temperature

ranges, metal/polymer interfaces, polymer/polymer interfaces, and so forth. Figure 1d shows a graph of the relationship

between energy release rate and stripping speed, where    is the maximum stripping speed and    is the critical

stripping speed. The critical speed depends on the stiffness of the seal. Under the condition of determining the geometric

dimension of the seal, the critical speed decreases with the decrease in the modulus of the seal . Feng et al.  also

studied the effect of temperature on the transfer printing structure, which found that low temperatures favored the

extraction of the ink and high temperatures favored the transfer printing. Also explored is the discontinuous film, both

discrete of distribution ink. The relation between average energy release rate and contact area is

(3)
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where ƒ represents the contact area fraction (0 < ƒ < 1) of the seal/ink interface, where   is the energy release

rate. Formula (3) shows that the adhesion strength between the seal/ink/target substrate interfaces is proportional to the

contact area. Kim et al.  conducted a 90° stripping experiment on this basis and concluded that reducing the contact

area was beneficial to improve the success rate of transfer printing.  Figure 2a shows the relationship between the

percentage of the seal contact area and the percentage of the successful transfer area. Jiang et al.  also conducted an

experimental investigation and simulations on seal transfer printing Si tapes with different stripping speeds. It was found

that the transfer printing efficiency increases with the increase in the stripping speed, but the transfer printing efficiency

increases slowly when the stripping speed is greater than 100 mms .  Figure 2b shows the optical image of the

transferred Si tape under different stripping speeds of the PDMS seal, and Figure 2c shows a graph of transfer printing

efficiency versus stripping speed in the simulation experiment. The simulation results are consistent with the experimental

results.

Figure 1. Kinetic control transfer printing process diagram. (a) Mechanical model diagram of the film extraction process

(reproduced from ), (b) mechanical model diagram of the printing film process (reproduced from ), (c) schematic

diagram of the separation of the seal under vertical upward pull F interface (reproduced from ), and (d) relationship

between energy release rate and peeling speed (reproduced from ).

Figure 2. Kinetic control transfer printing principle. (a) The relationship between the percentage of the seal contact area

and the percentage of the successful transfer printing area (reproduced from ), (b) optical image of transferred Si tape

under different peeling speeds of the PDMS seal (reproduced from ), and (c) graph of transfer printing efficiency and

peeling speed (reproduced from ).

Since the controllable range of bonding is narrow, in most situations, kinetic control transfer printing requires an adhesive

to be applied above the target substrate to assist in the transfer printing process. However, this method cannot change the

adhesive force of the seal and make the transfer printing process continuous, which greatly reduces the efficiency of the

transfer printing. Kim et al.  found that by changing the design parameters of the seal and adjusting the stripping speed,

the controllable range of adhesion strength can be effectively extended, and also high yield manufacturing can be

achieved. Figure 3a,b shows graphs of the relationship between seal thickness and tensile force under different contact

loads,   at the stripping speeds   and  , respectively. The results show
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that the stripping force is correlated with the critical interface contact area, and the thicknesses of the seal, contact load,

and stripping speed are the main influencing factors. Liang et al.  established a tensile force model in which the stripping

speed and pretightening force were considered. Finally, the relationship between stripping speed, pretightening force, and

tensile force was studied. From  Figure 3c, we can know that the tensile force increases with the increase in peeling

speed at a certain preload. From  Figure 3d, we can know that the tensile force increases with the increase in

pretightening force at a certain stripping speed. It follows that a larger preload force should be applied during the transfer

extraction phase, and a smaller preload force should be applied during the printing phase, which can play a significant

role in improving the transfer printing output. Through analysis of the theoretical model and experimental data, the results

show that the pretightening force at a large stripping speed has a greater influence on the tensile force than the

pretightening force at a small stripping speed .  Figure 3e,f shows examples of transfer printing on cylindrical glass

lenses and PET substrates using the kinetic control transfer printing method.

Figure 3. Kinetic transfer printing principles and examples. (a,b) The relationship between the thickness of the seal and

the tensile force under different contact loads at different peeling speeds (reproduced from ), (c) the relationship

between the pulling force and the peeling speed (reproduced from ), (d) the relationship between tension and preload

(reproduced from ), (e) printed array formed on cylindrical glass lens (reproduced from ), and (f) flexible gallium

arsenide solar cell array (reproduced from ).

The process of kinetic control transfer printing is simple and easy to operate, but the stripping speed control adhesion

strength range is limited, the transfer printing is greatly restricted, and its durability depends on the preparation of the

target substrate and the cleanness and flatness of the substrate surface. This method is also not applicable to target

substrates of viscous materials. Therefore, its application is limited by different materials. Precise speed control is required

during operation, which requires a speed control device to improve transfer printing efficiency, but greatly increases the

cost of the transfer printing. Moreover, this transfer printing method has not produced an example of nanotransfer printing

because the energy release rate is influenced by the contact area.

2. Laser Control Seal Temperature Transfer Printing

Saeidpourazar et al.  developed a laser-controlled seal temperature transfer printing technique by exploiting the

differences in the thermodynamic parameters (coefficient of thermal expansion and thermal conductivity) of PDMS seals

and inks. The specific process of this technology is shown in Figure 4a. The seal with a microstructure selectively picks

up the ink on the donor substrate and then transfers the printing of the ink above the target substrate. Due to the

transparency of the PDMS seal to the laser (805 nm), the pulsed laser glow focuses on the ink through the seal. The ink

transmits heat to the PDMS seal through the seal/ink interface, raising the temperature of the ink and the seal. Due to the

thermodynamic differences between the seal and the ink, finally, the seal/ink interface is layered to realize transfer
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printing. Li et al.  established the thermodynamic theoretical model shown in Figure 4a, which did not consider the

influence of silicon wafer size. The relationship for the delamination time   seal/silicon interface is calculated as

follows:

(4)

(4)

Figure 4.  Laser-controlled seal temperature transfer printing technology. (a) Laser-controlled seal temperature transfer

printing diagram (reproduced from ), (b) accurate interface fracture mechanics model diagram (reproduced from ),

and (c) the peeling time scale rule of laser-controlled seal temperature transfer printing (reproduced from ).

In Formula (1),
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where   is the total heat of the seal/silicon interface irradiated by the pulsed laser,   and   are the thickness

and width of the silicon wafer,   and   are the specific heat,   and   are the mass density,   is

the thermal conductivity,   is the coefficient of thermal expansion, and   is the shear modulus and the adhesion

strength of the interface γ. The thermodynamic model does not apply to smaller silicon wafer sizes. Gao et al. 

considered the influence of silicon wafer size and established an accurate interfacial fracture mechanics model (as shown

in Figure 4b), which was used to derive the composite stress intensity factor, interfacial energy release rate, and critical

delamination time, which eventually coincided with the finite element calculations, as shown in Figure 4c.

Eisenhaure et al.  took advantage of the SMP materials, which are rigid when the polymer is below the transition

temperature T  and can increase the adhesion strength of the seal. By replacing the traditional PDMS seal with an SMP

seal, there are more options for seal design, and the analytical formula of seal plane stress is obtained:
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where E is the modulus of elasticity, L is the width of the seal, and   is the adhesive strength. The finite element analysis

is consistent with Formula (8), as shown in Figure 5a. They also compared the two seal surfaces (smooth seal surface

and pyramid microstructure seal surface), which are more suitable for transfer printing. Figure 5b shows the relationship

between the two types of seals and the plane stress at different stripping speeds. It is shown that the seal with a

microstructure on the surface is more suitable for transfer printing.

Figure 5. The principle of laser-controlled seal temperature transfer printing technology. (a) The relationship between the

elastic modulus and the plane stress of the seal (reproduced from ), (b) the relationship between the two types of seals

and the plane stress at different peeling speeds (reproduced from ), (c) laser programmable selective transfer printing

equipment setup diagram (reproduced from ), and (d) examples of successful transfer printing of straight, cross, and T-

shaped patterns (reproduced from ).

Feng et al.  developed a laser programmable selective transfer printing method that uses a stepper-motor-controlled

precision platform to control the displacement of the target substrate and uses laser heating of the SMP seal to achieve a

high conversion of the adhesion force.  Figure 5c shows the setting diagram of laser programmable selective transfer

printing equipment.  Figure 5d shows examples of successful transfer printing of linear, cross, and T-shaped patterns.

Song et al.  used SMP materials to design a seal with a circular cavity, with a metal layer on the upper surface of the

cavity as a heat absorption layer, and closed the air inside the cavity with a film with a microstructure. The transfer printing

process is shown in Figure 6a. Figure 6b shows the stress relationship diagram at different elevated temperatures. Kim

et al.  prepared an SMP seal with a carbon black composite material (as shown in Figure 6c), which greatly improved

the heat transfer rate by taking advantage of the material’s absorption of infrared laser light. At the same time, it also

solves the limitation that the ink must be a laser-absorbing material for the laser transfer printing process and saves the

complicated steps of calculating the laser power required for different ink materials and geometric shapes.  Figure 6d

shows an example of selective printing of gold-plated silicon wafers that do not absorb infrared laser ink.

Figure 6.  Laser-controlled seal temperature transfer printing technology process diagram and example. (a) Specific

diagram of laser temperature control transfer printing technology for seal with cavity (reproduced from ), (b) stress

relationship diagram at different elevated temperatures (reproduced from ), (c) SMP seal design drawing with carbon

black composite material (reproduced from ), and (d) an example of selective printing of gold-plated silicon wafers that

do not absorb infrared laser ink (MECHSE: Department of Mechanical Science and Engineering) (reproduced from ).
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Laser-controlled seal temperature transfer printing realizes noncontact transfer, eliminates the influence of the target

substrate during the transfer printing process, and can transfer ink to any microstructured surface. The laser beam is used

to heat the seal locally and instantaneously. Therefore, the laser-controlled seal temperature transfer printing has high

selectivity, no hysteresis, and scalability and can achieve extremely high transfer printing efficiency. However, due to the

need to reach a temperature sufficient to release the ink, the high temperatures will cause burns on the seal/ink interface

and the target substrate. Therefore, it is necessary to accurately control the power of the laser pulse, and a higher-power

laser can also generate safety problems. These problems will eventually result in expensive experimental equipment.
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