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Abstract

:

Hetero-integration of functional semiconductor layers and devices has received strong research interest from both academia and industry. While conventional techniques such as pick-and-place and wafer bonding can partially address this challenge, a variety of new layer transfer and chip-scale transfer technologies have been developed. In this review, we summarize such transfer techniques for heterogeneous integration of ultrathin semiconductor layers or chips to a receiving substrate for many applications, such as microdisplays and flexible electronics. We showed that a wide range of materials, devices, and systems with expanded functionalities and improved performance can be demonstrated by using these technologies. Finally, we give a detailed analysis of the advantages and disadvantages of these techniques, and discuss the future research directions of layer transfer and chip transfer techniques.
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1. Introduction


Semiconductor materials and devices are the building blocks for most of modern electronics and integration circuits. From individual LEDs to large TVs, smart cars, and computers, needless to say, we can find semiconductors almost everywhere. They have had a profound impact on our human daily lives. Advancement in epitaxial technology has led to the formation of high-quality semiconductor layers on particular substrates. These semiconductor layers can then be turned into functional devices using conventional lithography and microfabrication processes, such as LEDs, lasers, sensors, transistors, etc. These devices can then be diced and packaged in a manner suited for later assembly and for demonstrating diverse functional systems and apparatus.



While, in many cases, the growth substrate is preserved after the chip fabrication, there are many occasions where the semiconductor layers need to be very thin (from nm to µm scale) and transferred to a different substrate by removing the growth substrate [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81], termed as “layer transfer” in the following. One example of such requirements is the high-power GaN LED chips used for general lighting purposes [82,83,84]. In order to deliver high power for lighting, these LEDs must be very efficient and sustain high current operation, which implies these LEDs must have a very good thermal dissipation capability. The GaN LED layers are commonly grown on sapphire substrates, which, however, are not good enough for heat dissipation. Therefore, for high-power LED chips, the LED layer has to be transferred and bonded to a substrate which is more thermally conductive, for instance, Cu [83]. An additional benefit of the thin LED after substrate removal is boosting of the light extraction efficiency (LEE) [85,86]. It is well known that thick sapphire can cause light absorption and total internal reflection, such that part of the light is trapped inside the LED chip, resulting in limited LEE [86]. While some thinning techniques [87,88,89,90], such as mechanical grinding, polishing, chemical wet etching, dry etching, etc., are available for fabricating very thin III-V semiconductor layers or devices grown on GaAs and Si, they are generally more difficult for III-nitride layers grown on sapphire and SiC. Sapphire and SiC are hard substrate materials which are almost inert to most of etchants. Thinning down of these materials to 100 µm is possible but complete removal of the substrate is not realistic by thinning technology.



Chip scale transfer is another direction which has received strong interest from both academia and industry [1,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106]. This is primarily driven by Moore’s law, and the requirement of integrating more functional chips onto one single substrate. Different from the layer transfer discussed earlier, the chip to be transferred here is much smaller in size. Conventional chip-scale assembly is based on robotic pick-and-place, or flip-chip bonding [82,105,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121]. However, with shrinking of the die size, pick-and-place techniques lose their assembly efficiency and accuracy. For devices with dimensions less than 100 µm, adhesive capillary forces are often bigger than gravitational forces [122,123]. As a result, releasing the devices from the robot becomes difficult. Therefore, there is growing interest in developing chip-scale assembly techniques with high assembly speed, high yield, and good placement accuracy. The recently emerged micro-LED display technology, for instance, is one of the major driving forces for small chip transfer [98,99,100,105,124,125,126,127,128,129,130,131,132,133,134,135]. Being small, self-emissive inorganic semiconductor devices, micro-LED displays have a number of distinct advantages over conventional LCD and OLED techniques, such as higher brightness, lower power consumption, faster switching, higher contrast, etc. Thanks to the intensive effort from both academy and industry, micro-LED displays have undergone a very fast development, however, the reduced pixel size causes serious challenges for micro-LED assembly and integration. In order to display images and break down the cost, the micro-LED must be accurately and quickly integrated onto the backplane. Taking a 4K display as an example, 25 million pixels would be required to be assembled onto the driver backplane. This is not realistic to be achieved using existing pick-and-place methods, considering that the transfer speed of a state-of-the-art surface-mounting-technology (SMT) machine is only 30k per hour. Therefore, there is strong interest in the industry to develop various mass-transfer techniques for fast and cost-effective assembly of ultrasmall chips.



The development of flexible or wearable devices is another major factor driving the need for developing cost-effective layer transfer and chip transfer techniques [124,129,136,137,138,139,140,141,142,143,144]. Flexible electronics can find a wide range of applications, such as flexible or stretchable displays [137,145,146,147,148,149,150,151,152,153], flexible transistors [154,155,156,157,158,159,160], flexible solar cells [77,92,161], flexible sensors [162,163,164,165,166], wearable medical devices [127,167,168,169], and human–machine interfaces [170,171,172,173,174]. While organic semiconductors are naturally suited for fabricating flexible devices because of their solution processable and conformal coating compatibility with the flexible substrate, they commonly show compromised device performance, compared with the inorganic counterparts. Inorganic semiconductors, on the other hand, commonly have much better performances in terms of the electron mobility, stability, and lifetime, but they are not able to be grown on plastic substrates directly. Another reason is that the processing conditions of inorganic semiconductors are not compatible with the flexible substrate. This hinders the direct fabrication of inorganic devices on a plastic substrate, because the processing temperature is much higher than the flexible plastic can withstand. Therefore, separating the inorganic device fabrication from its assembly process onto the flexible substrate is more realistic. A variety of layer (or chip) transfer techniques for inorganic semiconductors have evolved for this purpose.



Finally, heterogeneous integration of multiple layers or chip components onto one single substrate is also one major driving force for developing layer and chip transfer techniques [106,175,176,177]. The layer and chip transfer techniques allow the assembly of hybrid devices with expanded functionalities that could not be otherwise realized by using individual devices. In some cases, 3D integration can be even enabled [178,179]. While there are existing techniques such as pick-and-place or microassembly using robots for heterogeneous integration of various components, these methods suffer from low assembly efficiency. Some parallel layer transfer techniques are being developed to address this challenge.



In this review, we first introduce various layer transfer techniques for heterogeneous integration of ultrathin semiconductor layers onto a targeting substrate. These techniques provide a strong foundation for heterogeneous integration of dissimilar materials, which could expand the functionality of one particular device to multiple types of devices on a single wafer. We then review the chip-scale transfer techniques evolved for some particular applications such as microdisplays and flexible electronics. We also explore future multifunctional systems that could be realized by layer transfer and chip transfer approaches. Finally, we give a summary of key outcomes from this review and outlook in the future.




2. Layer Transfer Techniques


Layer transfer is a technique to transfer a layer of a particular semiconductor material, often of a wafer-scale size, from the original substrate to the target substrate of interest. The key process is to remove the growth substrate on which the semiconductor layer is deposited. The technique allows the integration of both lattice-matched and mismatched material systems for enabling extended functionality and performance by assembling diverse materials or devices in a more compact space. The additional benefit is the potential reuse of the growth substrate if it is not damaged during lift-off, thereby reducing the cost [3,4,15]. As one example, the transfer of GaN micro-LEDs onto silicon complementary metal oxide semiconductor (CMOS) allows a high-quality display with additional functionality such as pulse control.



The conventional method for layer transfer is mainly based on wafer bonding and mechanical thinning [87,88,89,90]. However, thinning techniques are difficult for accurate control of the film thickness and surface roughness across the wafer. For instance, in most cases, reducing the layer thickness down to 10 µm by mechanical thinning is extremely challenging. To address these challenges, a variety of new lift-off technologies have been developed to assist the wafer-scale layer transfer, some of which have the potential for volume production. These include epitaxial lift-off (ELO), mechanical spalling, laser lift-off, and ion cutting, as schematically shown in Figure 1 below.



2.1. Layer Transfer by Epitaxial Lift-off (ELO)


Referring to Figure 1a, ELO relies on the removal of a releasable or sacrificial layer introduced in the epi-stacks using various chemical etchants, such that the epi-layer on top of the releasing layer can be transferred to other substrates while preserving the original growth substrate [1,6,7,8,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,37,38,39,40,41,42,43,44,45,47,48,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67]. The primary requirements for this technique are: (i) high etch selectivity of the releasing layer, (ii) the capability for high-quality growth of the epi-layer on the releasing layer, and (iii) minimized damage to the epi-layer after release. Therefore, the suitable release layer not only determines the epi-layer quality, but also determines the ELO quality. Selecting the right release layer is highly dependent on the epi-layer (to be released), substrate, and etchant solvent to be used. Commonly, chemical lift-off of small samples is relatively quick, but wafer-level release remains challenging. Depending on the specific release layer in the epi-stack, the etching duration for releasing the full wafer may vary from a few hours to a few days, which may impose practical limitations for large-volume production. Therefore, to accelerate the release, several variants of the conventional ELO have been proposed, including weight-assisted, surface tension force-assisted, or roller-assisted ELO techniques [15,53,54].



2.1.1. ELO Assisted by Lattice-Matched Release Layer


Earlier ELO studies of III-V semiconductor layers in the past were mainly based on lattice-matched release layers, primarily because the growth of high-quality layered semiconductors on a lattice-matched release layer is much easier than on a dissimilar sacrificial layer. Depending on the specific epitaxial structures and the growth substrate, the release layer and corresponding etching solvent can be quite different. For example, one common release layer for III-V semiconductors grown on GaAs is AlAs [57], which is a material lattice- matched with the substrate and can be removed by hydrofluoric acid. However, a recent investigation reveals that etching AlAs using hydrofluoric acid is fast, but it leads to reaction residuals and increased roughness of the released layer and substrate [15]. To alleviate this issue, lattice-matched AlInP was introduced to act as the release layer, which can be etched by a different solvent, hydrochloride acid [15]. In the latter case, very smooth III-V layers and substrate free from residuals can be achieved via a modified ELO technique termed as “surface tension-assisted ELO”, enabling the prospect of substrate reuse (Figure 2). In the case of InP-based nanomembranes grown on InP substrates, InGaAs was found to be a desirable sacrificial layer, which can be selectively etched by either HF+H2O2 [60] or H3PO4 and H2O2 [9]. Alternatively, InAlAs was also explored for releasing InP-based devices, which has higher etch selectivity, and less dependence on the crystal orientation caused by the etching solvent, compared with InGaAs [47]. In all cases, the release layer and corresponding etching solvent are chosen such that the semiconductor layer to be released maintains high epitaxy quality while the etch selectivity is high.



Releasing III-V semiconductor layers from the growth substrate to a receiving substrate by ELO has been researched for many years, and can be dated back to 1978. The ELO technique based on a lattice-matched release layer is now well developed, particularly for high-efficiency III-V solar cells [5,18,36,46].




2.1.2. ELO Assisted by Heterogeneous Release Layer


More recently, dissimilar release layers have also been explored, particularlyfor III-nitride layer release. Similar to III-V semiconductors, releasing III-nitride by ELO is also possible, but more challenging. Unlike III-V semiconductors, III-nitride layers themselves are resistant to most of etchant solvents and, therefore, they are not ideal release layers for GaN. To overcome this limit, most of efforts are therefore focused on introducing a dissimilar release layer rather than GaN alloy into the III-nitride epi-stack for ELO [16,19,29,31,41,42,44,45,52,62]. However, the epitaxial growth of GaN on a heterogeneous release layer is more challenging, and may lead to degraded material quality due to the lattice mismatch. Despite of these challenges, various release layers, including SiO2 [16,19,62], Ga2O3 [31], CrN [29], Nb2N [45], AlN [41,42], and ZnO [44,52], have been successfully explored to lift off GaN membranes.



Hsueh et al. demonstrated the use of ZnO as a sacrificial layer [52]. A 2-inch ZnO template layer was grown on a sapphire substrate by using pulsed laser deposition (PLD). The wafer was then loaded into an hydride organometallic vapor phase epitaxy (HOVPE) chamber for further growth of GaN epi-layers on top of the ZnO release layer. A low-pressure/temperature HOVPE approach was adopted to prevent ZnO decomposition. The completed wafer was then fixed onto a glass support using wax. Afterward, ELO was performed using HCL as an etchant solvent, resulting in the entire transfer of the 2-inch GaN epi-layer to the support substrate without apparent degradation of the GaN epi-layer. Due to the lateral etching mechanism, the etch rate at the wafer edge was found to be faster than in the wafer center. The surface of the released substrate was found to be very smooth, opening up the prospect of substrate reuse and cost reduction.



As another example of suitable release layers for GaN lift-off, CrN [29] was formed on a sapphire substrate by depositing chromium with a radio frequency (RF) sputtering system, followed by a nitridation process. LED layer structures were then grown on the CrN buffer/substrate by low-pressure HOVPE. A gold layer was electroplated to the p-GaN side to act as the support substrate. By selectively etching the CrN release layer using a mixture of H2O, Ce(NH4)2 (NO3)6, and HClO4, high-performance vertical LEDs transferred onto a gold support can be achieved. It was found that such vertical LEDs have much smaller serial resistance, showing the potential for general lighting. However, in this particular work, only centimeter-scale lift-off was realized. Whether it is suited for wafer-level ELO remains an open question.



Hsueh et al. demonstrated the use of Ga2O3 [31] as a release layer for III-nitride lift-off. LED layers grown on Ga2O3 can then be readily removed by HF, resulting in the transfer of 2-inch GaN LEDs to the electroplated Cu support. As GaN is inert to HF etching, the LED layer experiences minimal damage. One disadvantage of Ga2O3 is its decomposition under high temperatures in a H2-rich environment. Therefore, Ga2O3 must be grown separately in a N-rich atmosphere.



While various dissimilar release layer-assisted ELO techniques have been explored, great challenges remain for releasing III-nitride semiconductors. Thus far, the feasibility for commercial production of nitride compound semiconductors based on release layer-assisted ELO is not proven yet. The major challenges are relevant to the compromised epitaxy quality grown on a dissimilar sacrificial layer, and the etching-induced damage to the semiconductor layer to be released.




2.1.3. ELO Assisted by Micro/Nanopatterned Structures


In some cases, micro/nanopatterned structures can be used to assist the layer transfer [16]. In one example, nanoporous SiO2 [62] is formed by using an anodized alumina template as a mask. A GaN epi-layer is then grown on top of the nanoporous SiO2. After finishing the growth, wet etching of the nanoporous SiO2 using HF is performed, leading to the spontaneous release of the GaN film. The nanoporous SiO2 also facilitates the lateral epitaxial growth of high-quality GaN on the nanoporous SiO2, which can reduce the dislocation density in the epi-layer.



Void microstructures are also utilized to assist the layer release [17,42]. Lin et al. [42] demonstrated the growth of nitride semiconductors on a truncated triangle striped pattern sapphire substrate (Figure 3). This leads to the formation of an epi-stack with embedded void structures. These voids facilitate the wet etching of a thin AlN sacrificial layer in the lateral direction by hot KOH etching, leading to the formation of released GaN layers.




2.1.4. Photoelectrochemical (PEC) or Electrochemical (EC) Etching


PEC etching methods [1,6,8,23,30,34,43,48,50,59,61,65] have been developed to release III-nitride, although conventional wet etching is difficult for etching III-nitride. This method exploits the illumination that only absorbs in the specific layer, in order to form electron–hole pairs in the semiconductor material [61]. The photogenerated holes result in the oxidation and dissolution of the semiconductor layer, while the electrons are moved to the cathode to participate in a reduction reaction. An example of PEC etching is demonstrated by Youtsey et al. [61]. The detailed PEC etching procedure is shown in Figure 4a. By selective PEC etching of an InGaN release layer, wafer-scale lift-off of 4-inch GaN films was demonstrated (Figure 4b).



In 2011, Lin et al. reported the lift-off of InGaN LED structures using a hybrid approach of PEC etching and mechanical peeling [43]. LED structures are prepatterned and fabricated on a sapphire substrate, followed by PEC lateral etching of the InGaN/GaN superlattices. A tape is then laminated onto the LED top. Mechanical peeling of the tape allows LEDs to be successfully transferred to the tape, with the emission blueshift to a shorter wavelength due to the strain relaxation. In a more recent work [8], similar PEC etching is conducted to release nanopillar LEDs defined by nanosphere lithography.



One of the disadvantages of PEC etching methods, however, is the requirement of external illumination sources. To address this issue, EC etching techniques without light illumination have also bene developed. For instance, Park et al. developed a method based on dope-selective EC etching to release GaN membranes [48]. The EC etching is fast for n-GaN but it is almost inert for p-GaN and undoped GaN. Making use of this highly selective etching, successful lift-off of patterned p-GaN films was achieved.



Modified EC etching methods for GaN release have also been developed [66]. Porous GaN formed by EC etching is exploited to assist the lift-off, whose porosity can be tuned by changing the doping concentration and adjusting the etching voltage. Zhang et al. [66] developed two different schemes for GaN layer transfer (Figure 5). In the first procedure (i.e, Procedure A shown in Figure 5a), two-stage EC etching was applied to n-doped GaN. Initially, a lower bias is applied to the GaN, and results in the formation of a porous GaN film of a certain depth. The bias is then increased in the second stage, leading to the formation of a void layer with larger porosity exactly below the porous layer generated in the first stage. Consequently, the GaN film can be released from the substrate. Alternatively, GaN release is also demonstrated based on a GaN sample with lightly doped n-GaN and heavily doped n-GaN, but only a constant bias is applied for conducting EC etching (Procedure B in Figure 5b). In this case, a void layer with larger porosity can be formed below lightly doped GaN. In both cases, centimeter-scale free-standing GaN membranes without degradation have been achieved. In the latter case, the thickness of the transferred layer can be accurately controlled by the doping concentration. However, wafer-scale release of GaN based on EC etching remains challenging.



In the above, successful lift-off of a single doped GaN layer from porous GaN formed by EC etching is demonstrated. This idea can be further extended to release InGaN/GaN MQW LED structures overgrown on a porous-GaN template formed by EC etching [64]. PEC- or EC-based transfer techniques have some advantages, compared with other ELO methods. Since the release layer is a GaN-based material (e.g., InGaN), the epi-layer quality can be maintained, and only one metal-organic chemical vapor deposition (MOCVD) growth cycle is needed, without introducing an extra dissimilar release layer which is commonly deposited by different equipment. One potential disadvantage, however, is the high surface roughness after lift-off. Furthermore, large-scale lift-off based on these techniques remains challenging.





2.2. Layer Transfer by Laser Lift-Off (LLO)


While ELO discussed in the previous section has achieved good success in some particular cases, the nature of wet etching also tends to cause partial damage to the semiconductor layer to be released. Finding a chemical etchant which is absolutely inert to the semiconductor layer but has a very high etch rate for the sacrificial layer is very difficult. The long etch duration for the wafer-level of ELO in many cases is also another constraint for fast production. Furthermore, wet etching is commonly not environmentally friendly, and is also hazardous in many cases. For these reasons, a few “dry” lift-off mechanisms are explored for layer transfer to minimize wet etching-induced damage and accelerate the lift-off.



One example of dry lift-off for layer release is LLO [180,181,182,183,184,185,186,187]. As schematically shown in Figure 1b, LLO makes use of the difference in absorption of the laser light between the substrate and the layer being released. In the case of GaN LEDs grown on a sapphire substrate, for example, the GaN epi-layer has a band gap of about 3.3 eV, whereas the sapphire band gap energy is ~ 9.9 eV. Short-wavelength laser light is therefore transparent for the sapphire, and but strongly absorbed in the GaN layer, thereby generating intense heat. This localized heat leads to the decomposition of the GaN near to the GaN/sapphire interface into Ga droplets and nitrogen gas, thereby separating the epi-layer from the substrate.



One particular application of this technique is the wafer-scale layer transfer of a GaN thin film to a support substrate. To assist the laser lift-off, the wafer is commonly fixed onto a temporary substrate by wafer bonding or adhesive bonding. One example [181] of such a strategy is demonstrated by Wang et al. (Figure 6). GaN wafer grown on sapphire was bonded with a Mo substrate using Ni/Au as the bonding layer. LLO was conducted to take off the sapphire substrate. A further bonding and subsequent annealing were applied to the released GaN layer on the Mo substrate. As a result, the resulting two-inch-diameter GaN template showed improved stability and a minimized stress state. Similarly, successful thin-layer transfer of 2-inch GaN via LLO has also been achieved by other support substrates including GaAs and polydimethylsiloxane (PDMS) [183].



Many investigations indicate that LLO can also be used for fabricating free-standing GaN substrates with large thickness [180,183,185,186]. The free-standing GaN wafer size by LLO was limited to 1.5~2 inches in earlier investigations [185,186], but 4-inch free-standing GaN wafers have been demonstrated recently [180]. Major factors preventing the achievement of large, thick GaN templates include cracks induced by the thermal strain relaxation and laser-induced shock waves, causing damage at the N-polar face of GaN. It was reported that a heating plate above 800 degrees is helpful to release the compressive strain and avoid cracks during LLO. Laser spot size is another critical parameter affecting the laser-induced damage [180].



The laser lift-off technique is also applicable for fabricating flexible devices [124,182,184,188,189,190]. An example of the process flow for making flexible OLED displays based on LLO is shown in Figure 7. A sacrificial layer of polyimide [184] or α-GaOx [188] is formed on glass substrate. OLED devices are then formed on the sacrificial layer. Laser beam scanning results in intense heat generated in the interface between the sacrificial layer and glass substrate. Consequently, the sacrificial layer is ablated, resulting in the top OLEDs becoming delaminated from the substrate. This technique is now applied in large-volume production of flexible OLED display screens [184].



The LLO method is fast and scalable for any wafer size. For example, a 2” wafer, in principle, could be lifted off in a few seconds. However, in order to achieve high-quality transferred layers free from damage by laser lift-off, the beam quality and control must be well controlled. The cost of LLO facilities is another disadvantage that restricts its availability to regular users.




2.3. Layer Transfer by Mechanical Release


Mechanical release relies on mechanical force to separate the semiconductor layer from a growth substrate and transfer it to a support substrate. Broadly speaking, there are three major mechanical release approaches: spalling, 2D layer assisted peeling, and water-induced de-lamination.



2.3.1. Stress-Induced Delamination


Stress-induced delamination, or spalling [70,71,72,73,74,75,76,77,79,80,81], refers to a phenomenon where a layer with tensile stress tends to peel away from the substrate where the layer is grown, accompanied by the removal of a portion of the substrate material (Figure 8a). The mechanism behind spalling (or cracking) is due to the edge load created by the tensile stressor which guides the crack to be propagated at an equilibrium depth below the interface [71,73].



To achieve a controllable fracture and continuous film transfer, a tensile stressor layer with suitable thickness is coated on the substrate, followed by attaching a tape as the handle layer. A small force is then applied on the handle layer, resulting in forming a crack at a predetermined depth in the substrate. By mechanically guiding the handle layer, this crack can be guided and propagated in a controllable manner, resulting in transferring a portion of the material from the substrate to the handle layer [74].



This effect has been known for many years, and now it is possible to make use of this effect to achieve wafer-scale layer transfer of a variety of materials and devices, as shown in Figure 8. For example, silicon [70,75], InGaP/(In)GaAs [77], and GaN [73,80] have been successfully released by spalling. A wide range of flexible devices have also been demonstrated by spalling, including solar cells [71,72,77], LEDs [73,80], CMOS [74,76,81], etc. The figure below shows, for example, representative images of the full-wafer scale semiconductor layers and devices transferred by using this technique (Figure 8b–e).



Compared with epitaxial lift-off, stress-controlled spalling is much simpler, independent of area, and does not require the use of specialized etch layers. Substrate reuse is also demonstrated, opening up the prospect of cost reduction. One disadvantage of this technique, however, is fracture depth (or the thickness of the transferred layer) control, which is largely dependent on a variety of factors such as the stress amplitude, stress layer thickness, the stress layer material, and also the substrate material [74]. Accurate control of the thickness of the transferred layer induced by the spalling is therefore possible but extremely challenging. Another challenge lies in the residual stress and slight curvature that the layers possess after spalling. To process such thin, stressed films requires the development of particular film handling strategies and equipment. The third challenge lies in the high roughness of the released layer. For instance, roughnesses up to 500 nm root mean square (RMS) have been reported for released GaN [80]. The high roughness of the released layer is undesirable for subsequent device fabrication and integration.




2.3.2. 2D Layer-Assisted Delamination


2D layer-assisted delamination exploits the weak adhesion of the thin layer grown on layered 2D semiconductors [78,191,192,193,194,195,196,197,198,199,200,201,202,203,204,205,206,207]. This technique is also referred to as van der Waals (VDW) epitaxy [207] (Figure 9). Applying a mechanical force will break up the weak adhesion, and induce the delamination of the thin film from the 2D layered semiconductor. This method can potentially be used to obtain wafer-scale layer transfer at a low cost. Thanks to the advancement in epitaxial growth, VDW growth of high-quality III-nitride on such 2D semiconductor layers has been demonstrated, despite the large lattice mismatch. Various 2D layered materials, such as boron nitride [194,195,198,200] and graphene [78,191,192,193,196,197,199,201,202,203,204,205,206], have been explored to assist the lift-off of the thin semiconductor layers grown on 2D layered materials.



Kobayashi et al. demonstrated the high quality of growth AlGaN/GaN LED layers on a boron nitride single-crystal layer [194]. The boron nitride layer has two functions. Besides the role for subsequent lift-off, it also acts as the buffer layer for nucleation of the high-quality AlGaN/GaN LED layer. To prevent from formation of polycrystalline GaN, an AlGaN layer is first deposited on the BN layer, followed by growing the final GaN LED layer structures. Due to its weak adhesion on the boron nitride, the LED layer can then be readily separated from the substrate to an indium sheet by weak peeling. Based on similar techniques, prototype vertical LEDs have also been demonstrated by the same group [195]. However, only centimeter-scale layer transfer has been demonstrated. Wafer-scale transfer based on BN needs to be explored. To overcome the size limit, one possible route is to grow a BN monolayer on a modified substrate with a quasi-3D mainspring shape in a furnace tube, instead of the conventional flat substrate [200]. This allows a high-quality h-BN monolayer with a size up to 25 inch to be grown, which can be then transferred to sapphire substrate for growing GaN. A 2-inch GaN wafer free of misfit strain grown on a BN monolayer has been achieved based on this technique.



Graphene-assisted growth has also been explored for fabricating free-standing semiconductor membranes [78,197,199,201]. Since the nucleation of atoms on a pristine graphene surface is remarkably suppressed due to the inert surface reactivity of graphene, earlier studies were therefore mainly focused on growing 3D microstructures on graphene. For instance, Chung et al. demonstrated the growth of regular GaN microdisk arrays on graphene dot patterns using epitaxial lateral overgrowth (ELOG) [199]. In another example, GaN microrods on graphene were demonstrated [197].



The 2D nucleation difficulty, however, can be overcome by introducing an intermediate layer. For instance, Chung et al. [191] demonstrated that ZnO nanowalls grown on graphene can assist the subsequent growth of 2D GaN LED layers (Figure 10). Due to the same crystal structure and small lattice mismatch with GaN, epitaxial GaN films are formed on the nanowalls in a manner similar to the lateral overgrowth, and eventually a flat GaN overgrowth layer can be formed. Such high-quality GaN LED layers grown on graphene allow the fabrication of LEDs transferred to various substrates, including glass, metal, and plastic, by simple mechanical peeling, and strong blue emissions have been obtained from such devices.



In another study, to overcome the nucleation difficulty in 2D growth on graphene, an AlN buffer layer was introduced between the growth layer and graphene [202]. The graphene layer was grown on sapphire substrates by a catalyst-free atmospheric pressure chemical vapor deposition (APCVD) process, instead of using the complex transfer process of ex situ-grown graphene. An AlN buffer layer is then deposited on the nitrogen plasma-treated graphene to promote the GaN nucleation. The epitaxy is then finalized by growing GaN LED layers on the AlN/graphene buffer [202]. The APCVD method allows the high-quality growth of 2-inch single-crystal graphene. Due to the strain relaxation by the graphene, the as-prepared GaN shows significant improvements in the epitaxial quality, with a dislocation density as low as 1.7 × 107cm−2. The fabricated LED devices therefore are able to deliver much high optical power output than the device directly grown on sapphire.



Instead of using intermediate buffer layers, the nucleation difficulty can also be addressed by using a different growth strategy based on an off-angle substrate [78]. Such an off-angle substrate can remarkably promote the atom nucleation at the periodically distributed step edges, resulting in forming high-quality 2D materials grown directly on graphene. A good example based on this strategy is shown in the paper [78] (Figure 11). Miscut SiC substrates are used to grown graphene. Then, single-crystalline GaN films on graphene/SiC substrates are grown by using periodically distributed steps as the GaN nucleation sites. The following step is to deposit a stressor metal (Ni) and attach a thermal release tape to separate entire GaN films from the graphene surface and transfer the released GaN to host substrates. Fully functional blue light-emitting diodes (LEDs) have been demonstrated by this technique. SiC substrate reuse is also demonstrated.



Compared to the thermal, chemical, and mechanical approaches, the abovementioned strategy is a simple and feasible transfer technique with no need for additional procedures or equipment. This technique is similar to spalling, but one distinct merit is the accurate thickness control of the released layer—the thickness of the layer to be released is controlled by epitaxial growth, rather by the fracture depth decided by the stress amplitude. The other advantage is the reduced stress required for transfer, compared with spalling. Finally, the separation interface is smoother due to the 2D buffer layer not allowing covalent bonds between the epi-layer and the substrate.




2.3.3. Water-Assisted Delamination


Water-assisted delamination exploits the phenomenon of water-assisted debonding at the interface between a metallic layer (e.g., Ni) and an oxide layer (SiO2) [208,209,210]. This debonding in turn lifts off the upper layer from the original SiO2/Si substrate. The underlying mechanism is due to the water-induced decrease in the critical adhesion energy of the metal–SiO2 interface, which can be over 70% [209].



The discovery of this technique can be credited to Lee and coworkers [208,209]. An example [208] of an application using this technique is the transfer of thin-film solar cells (TFSCs) onto arbitrary substrates (Figure 12). TFSC films are deposited on Ni-coated SiO2/Si substrates, followed by standard microfabrication to form TFSC devices. A tape is attached to the TFSC surface as the temporary holder. The entire sample is then loaded into a water bath. A small peeling force is then applied at the tape edge to promote water penetration into the interface, and thus inducing the delamination of the TFSC devices from the substrate. The final step is transferring the released TFSC devices to the receiver substrates by sticking and removing the tape. Based on this technique, high-efficiency solar cells transferred to arbitrary substrates, such as cell phones, business cards, and glass windows, have been demonstrated. Such transferred devices maintained the same efficiency of 7.5%, implying no obvious degradation caused by the transfer process.



In a more recent work [210], the same method is exploited to fabricate a wide range of thin-film nanoelectronic devices, such as a transferred Ag nanowirebased resistor, Si nanoribbon-based p-i-n diode, Si nanomembrane-based transistor, Si nanomembrane-based thin-film capacitors, nanomembrane-based MOSFETs, and a hybrid photodiode system that combines p-doped Si NM and n-doped MoS2 (Figure 13). The process has two primary steps: (i) transfer printing various single-crystalline semiconducting nanomaterials onto specific locations of a SiO2/Si wafer in a single device layout, followed by conventional CMOS fabrication to form electronic circuits on the wafer, and (ii) physically separating the entire layer of the completed thin-film nanoelectronics from the fabrication SiO2/Si wafer, which can be then pasted onto an arbitrary kind of supporting substrate or surface. The technique discussed here is wafer-recyclable, environmentally friendly, and cost-effective, showing good prospects for wafer-level production and integration of thin-film devices onto a single substrate.





2.4. Layer Transfer by Smart Cut


Smart Cut, or ion cut, is a technique of exploiting both ion implantation and wafer bonding to transfer ultrathin single-crystal layers from a donor substrate to a receiving substrate. This technology has been commercialized for the fabrication of silicon-on-insulator (SOI) wafers for many years [87], but it has also been explored for fabricating free-standing GaN membranes recently [2,68,69,211,212,213,214,215]. Taking splitting GaN, for example, the key processing steps of ion cut [2] are schematically shown in Figure 14a. A free-standing GaN template is prepared by depositing a thick GaN layer on a sapphire substrate, followed by LLO. The N-face of free-standing GaN is then implanted with H+ ions after lapping and chemical mechanical polishing. Argon atom beam irradiation on the N-face GaN and sapphire surfaces under vacuum is then conducted, in order to form chemically active dangling bonds. The next step is bonding the free-standing GaN to another sapphire substrate via plasma-treated hydrophilic bonding. Afterwards, the layer transfer is carried out in a furnace by annealing GaN/sapphire. Finally, the implantation-induced damaged layer on the low temperature grown GaN (LT-GaN) surface is removed using a dry etcher, resulting in LT-GaN transferred to the receiving wafer. Based on this technique, both a free-standing GaN template and GaN layer transferred to the receiving substrate with a wafer size up to 4 inches were demonstrated, as shown in Figure 14b,c.



One of the distinguishing features of the ion cut process is the production of multiple templates from a single donor wafer, thereby reducing the cost per template without compromising the crystalline quality. Another advantage is that the layer thickness can be finely controlled with nanometer-scale accuracy. For instance, with Smart Cut techniques, wafer-scale processed silicon films in the range of 0.2 to 1 µm in thickness have been reported.





3. Chip-Scale Transfer Techniques


Thus far, in Section 2, we have discussed various layer transfer techniques for a particular semiconductor material of interest, which often has a large size matching the growth substrate. In many cases, chip-level devices with much smaller dimensions need to be assembled onto the receiver substrate of interest for more advanced functional systems or hybrid integration. For instance, an array of assembled micro-LEDs can be used for constructing a display module [99,118]. Lasers integrated with coupling waveguides are in high demand for developing high-performance photonic integration circuits. Furthermore, there are many cases where various chip-level components (e.g., sensors, LEDs, lasers, etc.) are required to be hetero-integrated onto the same substrate. Such complex functional systems could be achieved by single devices. There are some well-established transfer and assembly techniques for the placement of chips with a relatively large thickness and die size, such as “pick-and-place”, die bonding, and flip-chip bonding [216,217]. However, with shrinking the chip thickness and size, these methods become problematic and face serious challenging for proper chip handing, placement, and throughput. These thin chips are very fragile and tend to be easily damaged by conventional pick-and-place equipment. A few techniques have been developed to address the challenge of handing ultrathin dies, but the placement throughput is far from satisfactory. Additionally, ultrasmall chips tend to suffer from the effect of the van der Waals, surface tension, and electrostatic forces, which may be dominant compared with the external mechanical force applied by a vacuum head [122,123]. As a result, conventional mechanical placement with high accuracy and throughput becomes extremely difficult for small dies. Therefore, there is growing interest in developing feasible transfer and assembly techniques for ultrasmall and ultrathin chips.



3.1. Chip Transfer by ELO


The layer transfer techniques discussed earlier, with some modifications of the process, can be exploited to achieve chip-scale transfer. One straightforward approach is schematically illustrated in Figure 15a. Layer materials of interest are transferred from the growth substrate to a temporary substrate based on the aforementioned epitaxial lift-off techniques. These transferred layer materials can then be patterned and turned into discrete chips or functional devices using standard microfabrication techniques, or referring to the “layer-first” approach in the following section. In this case, the chip essentially represents a patterned layer with smaller dimensions. Further transferring of these discrete chips to the final substrate is possible by tuning the adhesion at the device/substrate interface.



An example of fabricating thin-film GaN high electron mobility transistor (HEMT) devices bonded to Si based on layer transfer technology is demonstrated by Chung et al. [20]. GaN on Si(111) is bonded to a Si(100) substrate using spin-coated HSQ photoresist as the bonding media. The growth Si(111) substrate is then removed by SF6-based plasma. This results in the transfer of a thin layer of GaN to Si(100). HEMTs are then fabricated based on the transferred GaN thin layer. These N-faced HEMTs show superior performance compared to the Ga-faced counterparts. For instance, the maximum current in the N-faced device is around 30% higher than in the Ga-faced device.



This top-down chip transfer technique, however, has several limitations. Since the discrete chips are formed after epitaxial lift-off and layer transfer, a part of the layered material is inevitably lost during patterning. An additional disadvantage is the difficulty in integrating various components. The spacing and position of each individual device cannot be flexibly adjusted since they are formed by one common masking step. Finally, scaling of the layer transfer by ELO to a large size is sometimes difficult. The primary reason is that ELO relies on lateral undercut of the release layer by wet etching, which is commonly time-consuming for wafer-scale processing due to the limited area exposed for etching. The etching can only start from the wafer edge and progressively move to the wafer center with increasing the etch duration.



To overcome the above limitations, “chip-first”-based ELO techniques have been developed, as shown in Figure 15b. In a “chip-first” ELO approach, discrete chips are fabricated on the growth substrate using standard optical lithography and microfabrication techniques. To assist the transfer, the patterned devices are commonly bonded to a temporary/final substrate using adhesive, wax, or wafer bonding. Such isolated chips are then released and transferred to the receiving/final substrate using similar ELO technologies as discussed earlier. In other words, the processing sequence is reversed compared with the “layer-first” technique. The chip-first concept has some advantages. For instance, the lift-off speed and yield can be substantially improved, compared with the layer-first concept. The primary reason is that now each chip is exposed to the etchant environment simultaneously, and thus the etching speed is accelerated significantly. A wide range of chip-scale devices, such as LEDs [1,7,8,19,29,57,63], HEMTs [10,45], and detectors [60], have been demonstrated by the ‘chip-first”-based ELO approach.




3.2. Chip Transfer Using Laser-Based Technologies


3.2.1. Chip Transfer by LLO


Similar to the layer transfer by laser lift-off, LLO is also applicable for chip-scale transfer. The major difference is the need to form discrete chips on the growth substrate prior to LLO (Figure 16a). Attaching the wafer with such prefabricated chips to a temporary/permanent support, followed by laser scanning from the backside of the substrate, allows the chips to be released from the substrate and transferred to the temporary/permanent substrate. The “chip-first “concept has some advantages over the “layer-first” approach. First of all, releasing isolated small chips by LLO is much easier than a large layer, due to the stress release when patterning the isolated chips. Second, the LLO yield of chip-level processing is generally much higher. Even if there are localized defects or non-functional devices after laser lift-off, these non-functional chips are easy to remove.



One representative application of this technique is the fabrication of high-power thin-film flip-chip (TFFC) LEDs. Lee et al. demonstrated vertical high-power LEDs transferred to a conductive, permanent metal support by LLO [218] (Figure 16b). Chip-scale high-brightness LEDs are formed on sapphire substrate. They are then bonded using a bonding metal alloy consisting of Au, Sn, and Cu to a silicon wafer topped with a layer of titanium, followed by LLO to remove the sapphire substrate. The crucial metal bonding layer not only helps to assist the LLO, but also acts as a good heat sink to improve the heat dissipation. Such TFFC LEDs have been further developed by the chip maker Philips Lumileds [83], which are now commercially available in large-volume production for the lighting market.



By shrinking the LED chip size, the LLO technique can be exploited to fabricate ultrathin micro-LED chips, with the major purpose of developing high-resolution micro-LED displays [98,118,130,219,220]. For instance, Kim et al. developed a protocol to transfer predefined GaN micro-LEDs to Si by a hybrid approach of combining wafer bonding, LLO, and transfer printing [130]. In this work, Pd-In was used to bond the device to a Si carrier. Laser lift-off was done to remove the sapphire substrate. The next step was to undercut the isolated LED chips by wet etching of the bonding layer underneath. Finally, these tethered chips were picked up using a PDMS stamp and transferred to the final substrate to build functional systems. Alternatively, wafer bonding and LLO are used to transfer lateral LEDs to a temporary substrate, and then transferred to the final substrate by debonding the temporary support [98,219]. While conceptually feasible, these methods are very complicated, and involve the use of expensive wafer bonding, debonding, and transfer printing tools, which are not always available to regular users.



More recently, Pan et al. [118] developed a different approach based on tape-assisted laser transfer (TALT) to address this challenge (Figure 17a). The prepatterned devices with the substrate are bonded to a temporary adhesive tape, followed by laser lift-off. The devices on the temporary tape are further flipped over to another tape, which has larger adhesion strength. Removing the first adhesive tape results in the transfer of the devices to the second tape. Such devices are highly compatible with the subsequent bonding, since the two electrodes are facing outwards. The TALT technique has eliminated the complicated and expensive wafer bonding and debonding process as required in the common processes mentioned above. It only involves in the use of low-cost tapes as the support for LLO, which can be taken off by simple peeling. Therefore, this technique can significantly simplify the transfer process and reduce the cost. Indeed, wafer-scale micro-LED transfer capability has been demonstrated (Figure 17b), showing the potential for large-volume production. Furthermore, both rigid displays and flexible displays have been demonstrated (Figure 17c,d). This technique represents a remarkable improvement over other micro-LED mass transfer techniques.



One notable feature of LLO is the ability for selective transfer [105,118,219,220] by controlling the beam scanning pattern, which is particularly useful for adjusting the spacing of transferred objects. The beam patterns can be either controlled by sequentially moving the laser beam [105,219,220], or using a shadow mask to block unwanted laser beams [118]. The latter strategy has improved transfer speed, since mechanical moving of the laser beam is a time-consuming process [118].



Apart from the miniaturized micro-LEDs, a wide range of chip-scale devices transferred to flexible substrates can also be demonstrated by LLO techniques [124,182,221,222,223,224,225]. These devices may find applications in a wide range of areas such as foldable displays, wearables, and electronic skins.




3.2.2. Chip Transfer by Laser-Induced Forward Transfer (LIFT)


Thus far, the above techniques have been based on laser ablation and decomposition of the absorption layers inside the functional chip to assist the chip transfer. There is a different laser transfer mechanism which can be exploited for chip assembly, that is, laser-induced forward transfer (LIFT) [226,227,228,229]. The LIFT starts by depositing a dynamic release layer (DRL) on a laser-transparent substrate. The chips to be transferred are then fixed on the DRL layer (Figure 18a). Ablating a small portion of the DRL layer from the substrate side using a pulsed laser results in forming a blister in the DRL, which in turn generates gas byproducts. The gas generated in the localized region serves as a mechanical actuator to push the chip toward the receiving substrate placed in close proximity.



The LIFT technique, compared with other transfer techniques, has some advantages, including fast transfer speed and relatively small placement error. The transfer speed of more than 100 M units/h and a placement error of 1.8 µm have been achieved by LIFT [229]. Furthermore, this method allows the selective transfer of every chip by manipulating the laser scanning pattern. The transfer speed can be further improved by using a multiple beam scanning strategy, which, for example, can be achieved by splitting a single laser beam into an array of laser beams using diffractive optics, as schematically shown in Figure 18b. Additional advantages of this technique include in situ bonding and defect repair capabilities. These distinct merits imply that the LIFT technique is promising for the assembly of large panels where a large quantity of devices and high assembly speed are required, for instance, for a micro-LED 8K TV. An example of the successful assembly of 55 × 32 µLEDs onto the receiving substrate by this technique is shown in Figure 18c. One notable disadvantage of this technique, however, is the laser-induced residuals appearing on the surface. Such residuals may cause contamination and affect the postprocessing procedures if required.





3.3. Chip Transfer by Stamp Transfer Printing


Stamp transfer printing is another technique which has been extensively explored to assist chip-level transfer [103,161,230,231,232,233,234,235,236,237,238,239,240,241,242,243,244]. This technique exploits the use of an elastic stamp to pick and place tethered devices, also known as microtransfer printing (µTP), which was invented by Prof. John Rogers. This technique has witnessed great success in assembling a wide range of materials and devices onto the targeting substrate and creating diverse hetero-integrated multicomponent functional systems which are difficult to be realized by any other assembly technologies. Existing reviews mainly focused on the stamp transfer mechanism, materials, and applications [106,139,140,161,239,245]. Here, we focus on reviewing the important device structures and stamp structures that are essential for high-yield and high-accuracy placement of the ultrathin and ultrasmall dies.



3.3.1. Stamp Transfer Printing Principles


Chip transfer by a stamp is enabled by three primary processes [230], as schematically shown in Figure 19. First of all, releasable device chips with tethers [243,246], or inks, are commonly formed by chemically or photochemically etching the sacrificial layer. Second, such tethered chips are picked up by mechanically breaking the tethers using various stamps. Finally, chip transfer is achieved by moving the stamp down with the devices to contact the receiver substrate, followed by lifting up the stamp slowly.



The stamp can exhibit increased adhesion by accelerating the pulling speed of the stamp, and therefore can retrieve the tethered devices from the donor substrate [230]. On the other hand, slowly moving the stamp down can weaken the adhesion of the device/stamp interface, which therefore allows the transfer of the devices to the receiving substrate. In other words, kinetically modulating the interfacial adhesion difference between the stamp/device interface and the device/substrate interface is the key factor determining whether the device (or ink) can be picked up or printed [230,247]. To assist the transfer, the final substrate is most commonly coated with an adhesive layer, for which the adhesion strength is stronger than the PDMS stamp [248,249,250]. In some cases, successful transfer to the final substrate even without using this adhesive layer is also reported, based on a VDW bonding mechanism [103,233]. The latter method is less reliable in terms of the transfer yield since the VDW bonding is highly dependent on the roughness and morphology of the device/substrate interface.




3.3.2. Releasable Chip Structures


As shown above, forming releasable chips is one of the key processes to be developed. Among various methods, the ELO techniques discussed earlier can be adapted to fabricate tethered chips by etching the release layer which is intentionally introduced prior to growing the semiconductor layer [243,246]. Two approaches can be used to form tether microstructures, as schematically shown in Figure 20. The tethers, which hold the suspended chips in place, are formed in such a way that the release layer is selectively removed and the isolated chips are weakly bonded to the original growth substrate by the tether structures introduced externally (Figure 20a). Various material can be used for the tethers, including photoresistant, polyimide, and dielectric layers [99,250]. Sometimes, the sacrificial layer itself can also be used for the tether structure (Figure 20b). In the latter case, the sacrificial layer is laterally undercut such that only a small part of the sacrificial layer is kept to hold the suspended chips in the original position. Applying an external force by using a stamp will fracture the anchored release layer, thereby making the devices transferrable.



While suspended chips held by tethers are one of the common releasable chip structures, sometimes the releasable chips are made in a manner without tethers, and are only weakly bonded onto a temporary support by adhesion (more often it is an adhesive tape). For instance, the releasable chips can be transferred to a tape by LLO [124,223,224], using a process similar to the TALT technique [118]. These weakly bonded devices can then be picked up by stamps.




3.3.3. Stamp Materials, Structures, and Fabrication


The stamp must have controllable adhesion capability for chip transfers. Being a switchable dry adhesive which can be reused for many cycles, PDMS is one of the stamp materials used most frequently [230]. While huge success has been achieved, the PDMS stamp also has some constraints. Since the adhesion is induced by the pulling speed, accurate control of the adhesion amplitude is difficult. The additional disadvantage is the deformation of the elastic stamp when it is subjected to external forces, which in turn causes the displacement of the transferred devices. For these reasons, a wide range of other stamps made from different materials have also been explored [102,135,242,251,252,253,254,255,256], including polyimide, gecko-inspired adhesive, tape, polymethyl methacrylate (PMMA), shape-memory polymer, etc. Some of them, such as gecko-inspired adhesive and shape-memory polymer stamps, have reversible adhesion switching capabilities, which means they can be used for repeated transfer processes [135,253,257]. Such capabilities are essential for the sequential assembly of devices on a large scale. Other stamps, for instance, PMMA and tapes [242,252], are commonly used for only in single printing processes. The primary reason is that the surface adhesion, once used, is changed and not fully recoverable in most cases. An additional disadvantage is the potential chance of introducing particles and contamination to both devices and receivers. Therefore, while small-scale transfers have been demonstrated due to the large adhesion strength of such stamps, they are not realistic for sequential or repeated printing required for large-area assembly. By contrast, the PDMS stamp, if the surface is well cleaned and well preserved, can be reused for many cycles.



The stamp is commonly flat, which is suited for printing a block of chips within the stamp area. In some cases, however, the stamps are patterned with microstructures to enhance the adhesion switchability [258]. For example, a stamp with extruded pyramid-shaped microstructures was developed to enhance the adhesion switchability [233]. Kim et al. reported a mushroom-like stamp [258]. In another study, an inflatable stamp array with active pressure control was developed [259]. In all cases, the adhesion is modulated by changing the contact area of the microstructure with the device upon external pressure. Such stamps with patterned microstructures are commonly formed by molding, combined with conventional lithography techniques [233,256,258,260]. For example, a stamp with micropyramids is formed by pouring PDMS precursor into a wet etching-defined pyramid-like silicon template [233]. Due to the anisotropic wet etched nature of the silicon under KOH solvent, pyramid-like apertures can be formed in the silicon surface using a hard mask. Molding liquid polymers such as PDMS against this patterned silicon template, followed by curing and demolding, results in the formation of the required dry adhesive stamps. Figure 21a illustrates an example of the fabrication procedure for forming mushroom-like adhesive structures by undercutting the acrylic layer below the SU8 photoresist [260]. The resulting mushroom pillars are shown in Figure 21b. The same molding technology, combined with angled exposure, can be further extended to form stamps with tilted pillars (Figure 21c). The adhesion of such a stamp with tilted pillars can be notably increased by shearing in one direction, but it becomes substantially weakened in the opposite direction [258,260]. While these multiscale fiber structures show improved adhesion performance, they are generally more difficult to be scaled up to a large stamp area, and also add fabrication complexity.




3.3.4. Variants of the Stamp Transfer Printing Techniques


Modifications of the stamp transfer printing technique have also led to the evolution of a wide range of other chip transfer approaches, including tape-assisted transfer printing [102,242,251], roll-to-roll printing [100], and laser-driven non-contact printing [261]. Most of these methods rely on the modulation of the interfacial adhesion strength of the stamp/device interface.



Tape-assisted transfer exploits the use of commercial tapes to replace conventional PDMS stamps for chip-scale transfer [102,144,242,251]. Such tapes commonly have larger adhesion switchability than conventional PDMS stamps, and therefore they are well suited for high-yield pickup of the devices. Device releasing, on the other hand, can be achieved by weakening the adhesion of the tape. Depending on the specific tape, the weakening of the tape’s adhesion can be achieved via different methods, such as temperature control, UV illumination, and solvent soaking. For example, Yan et al. demonstrate the use of a thermal release tape (TRT) for device transfer [102], for which the device release is achieved by heating the receiving substrate. The adhesion of the TRT can be substantially weakened by raising the substrate temperature. In another example, the use of water-dissolvable tape for chip-scale transfer was demonstrated [242]. In this case, the adhesion can be reduced by simple water soaking. Chip-scale devices are therefore able to be transferred to the receiving substrate. Compared with PDMS stamp transfer, the tape is generally commercially available at a much lower cost and does not involve the complicated stamp fabrication needed for the PDMS stamp. Therefore, tape-assisted transfer is easier to implement. However, the adhesion of these tapes, once lost, is not recoverable in most cases. This means they are more suited for one-time transfer instead of repeatable transfer. In some cases, the transfer accuracy is unsatisfactory, which may cause registration issues. The transfer speed is also compromised since the adhesion weakening takes a longer time than other approaches.



Roll-to-roll printing is another modified printing technique which is based on a cylinder stamp, instead of the planar stamp used in the conventional transfer printing [100]. Compared to the planar stamp printing, a cylinder stamp in a roll-to-roll printing system has the merits of larger area scalability and higher printing productivity. An additional benefit of this technique is the precise control of the contact area and contact uniformity through a feedback module, which is essential for improving the printing yield and placement accuracy. An example of using this technique for developing flexible microscale LED displays is demonstrated by Choi et al. [100]. The process has three successive printing steps: (i) printing Si-thin-film-transistors (TFTs) onto a carrier substrate, (ii) printing LEDs onto the same carrier substrate, and (iii) forming a display by interconnection of the TFT and LED, followed by transfer printing of the display from the carrier substrate to the final rubbery substrate (Figure 22a). This enables the fabrication of high-performance stretchable LED displays (Figure 22b).



Thus far, the above chip transfer techniques rely on the direct contact of the stamp with the device. The contact-based techniques, however, have some disadvantages. For instance, multiple contacts may cause contamination to both the stamp and the device, which in turn form defects and cause the failure of the subsequent device integration. Transfer printing operated in contact mode is difficult to apply to curved substrates. Furthermore, repeated contacts can cause remarkable stress to the device, which in turns breaks the thin chip. For these reasons, non-contact printing techniques have also been explored [261]. An example of the printing techniques operated in a non-contact mode is laser-driven non-contact printing developed by Saeidpourazar et al. [261] (Figure 23a). Chiplets are picked up by a PDMS stamp. A pulsed laser beam is irradiating from the stamp top. The laser beam is transparent to the stamp whereas it is absorptive to the device. Due to the different thermal responses between the PDMS stamp and the chip, the chip can be delaminated and eventually released from the stamp to the receiver substrate. As the pulsed laser does not cause a notable rise in the temperature in the device, the potential damage to the functional chips can be minimized. With this technique, complex 2D or 3D assembly of chips can be demonstrated (Figure 23b,c).




3.3.5. Applications of the Stamp-Transfer Techniques


Stamp transfer printing is a versatile chip-scale assembly technique which enables heterogeneous integration of a wide range of optoelectronic devices, ranging from LEDs, lasers, solar cells, and detectors, to complex functional systems [106,139]. This technique can overcome the limits in conventional assembly techniques and create many new functionalities and boost the system performances of existing ones. Solar cell panels [106] and emissive display screens [99] are two examples of such complex systems with added functionality and enhanced performance. The transfer-printed multijunction microscale solar cells shown in Figure 24a have been exploited for assembling a pilot-scale commercial concentrator module, which has a recorded efficiency up to 35.5% (Figure 24b). Figure 24c,d shows an active-matrix display consisting of discrete micro-LEDs, which are assembled by stamp transfer printing, followed by interconnection of these micro-LEDs via metal wiring. The small micro-LEDs produce sufficient amounts of light for high luminance while occupying a small fraction of space in the display, therefore allowing the panel to be integrated with miniaturized integrated circuits for drivers and other device components for extra functionality.



Not only is hetero-integration on a planar substrate possible, this stamp transfer technique is also a powerful technique for integration onto curved surfaces [129,175,250,262,263,264,265]. As a consequence, a wide range of flexible optoelectronic devices can be produced (Figure 25). For example, flexible optofluidic fluorescence sensors (Figure 25a) consisting of GaAs-based vertical-external-cavity surface-emitting-lasers (VECSELs) and silicon photodiodes have been integrated onto a plastic polyethylene terephthalate (PET) substrate, illustrating the capability of this technique [175]. Such hetero-integrated devices show minimized performance degradation without compromising intrinsic materials properties. In another example, photodetector arrays printed onto hemispherically curved surfaces (Figure 25b) have been demonstrated [264]. Such devices, with configurations similar to those of mammalian eyes, have attracted intensive interest in digital imaging, thanks to the ability of this geometry to match Petzval image surfaces associated with simple lenses. Such devices would be difficult to achieve by conventional technologies since most of the standard growth, deposition, and fabrication processes are established on planar surfaces of substrates. Yoon et al. [262] demonstrated GaAs-based flexible solar cell arrays integrated onto a PET substrate by transfer printing, combined with ELO (Figure 25c). The cells can be assembled in series and/or parallel configurations to produce output power at high or low voltages, implying an important advantage of the use of small cells arranged in large array format. It is also possible to fabricate electronic textiles based on transfer printing [263] (Figure 25d). Artificial cilia are introduced in this work as adhesive elements to facilitate the fabrication and integration of electronic devices onto the woven fabric by transfer printing. Such devices can fit the human body comfortably, and deform naturally upon movement, showing good prospects for developing wearable devices. Park et al. [250] developed flexible interconnected AlGaInP micro-LED arrays by transfer printing, where the interconnections are supported by arc-shaped bridge structures that can deform in response to applied strain (Figure 25e). Such flexible LED devices open up the prospect of foldable displays and biomedical applications. Sun et al. [265] demonstrated the transfer printing of GaAs micro/nanowires for bendable metal–semiconductor field-effect transistors (MESFETs) on plastic substrates (Figure 25f). Such devices may find a wide range of applications, including displays, sensors, medical devices, etc.



The stamp transfer technique also allows the creation of 3D objects [233,261,266,267]. Various complex 3D objects formed by multiple printing, stacking, and joining of microscale parts or thin films made from either the same materials or dissimilar materials are shown below (Figure 26). In several studies, 3D electronics have also been achieved by stamp transfer printing [224,248]. These results indicate that stamp transfer printing has advantages such as extraordinary placement accuracy and capability for forming complex configurations, opening up a wide range of potential applications in 3D integration and packaging.





3.4. Fluid-Assisted Chip Transfer


Surface tension of a fluid can be exploited to direct the self-assembly of small components at predetermined locations [95,96,97,268,269,270,271,272,273,274,275,276,277,278,279]. An example of surface tension-directed fluidic assembly of microscale parts in predefined regions is shown below [276,277] (Figure 27). The assembly is achieved by pulling the sample upward through the liquid–liquid–solid interface. The process uses a stepwise reduction of the interfacial energy to transport the chips from a suspension to the interface, preorient the chips in the right direction, and assemble the chips on a substrate with patterned solder [276]. As a result, high speed (62,500 chips/45 s), high accuracy (0.9 micrometers, 0.14°), and high yield (>98%) of the assembly of very small parts of sizes of only 20 µm can be achieved.



Several variants of the above fluidic assembly technique have also been developed. These include: shape-directed fluidic methods based on predesigned locations [272], liquid solder-based self-assembly [273], capillary force-directed self-assembly based on hydrophilic/hydrophobic surface patterns [268], and/or their combinations [269,270]. These methods can be extended to achieve hetero-integration of components with different sizes [272,277]. Furthermore, a wide range of devices can be constructed by fluid assembly onto either planar surfaces or curved surfaces, including LEDs [269,270,271,274] and solar cells [276,277]. Complex functional systems can also be demonstrated by this technique, such as curved displays [280] and rubber-like LED lighting modules [97], highlighting the versatile capability of this technology in 3D assembly.



Being a self-assembly process in nature, fluidic assembly is very fast, and the assembly can be finished within minutes. This method also has excellent scalability in assembly areas, and can overcome the limitation that conventional chip transfer techniques work poorly on curvy surfaces. However, when the sample is thin and small, the surface tension may dominate over its weight, making the assembly difficult. An additional disadvantage is the difficulty in selective transfer and defective chip repair. For these reasons, the fluid-assisted assembly techniques are commonly used for assembling components with relatively large sizes (over 100 µm) and large thicknesses (over a few hundred microns).




3.5. Electrostatic-Assisted Chip Transfer


Electrostatic assembly exploits the adhesive force induced by an external electric field across a set of conductive electrodes to manipulate microcomponents [281,282,283,284,285,286,287,288,289]. In other words, charged microcomponents can be trapped by patterned surface areas with localized electrical fields. Electrostatic force has been known for years. Several investigations into electrostatic field force have mainly been focused on manipulation of microparticles [284]. However, this concept was also explored for macroscale wafer handling [283] and microscale device assembly [281,283,286,287,288,289].



Recently, the commercial feasibility of this technique for microchip manipulation has been investigated. For instance, PARC has developed a microcomponent printer based on this concept [289] (Figure 28a–c). Microscale chips are suspended in aqueous solvents. A phototransistor array is designed to create an addressable electric field, which can manipulate the charged chips in parallel with the help of agitation. The assembled microchips can then be transferred to the target substrate using either a flat rubber stamp or a roller belt-based non-contact electrostatic system. As an example, silicon chiplets with either identical dimensions or of different sizes down to 10 µm can be accurately assembled onto the target substrate (Figure 28d,e).



Compared with other assembly techniques, the static electric technique can rapidly sort, place, and orient micro-objects of extremely small sizes into custom patterns. The technique has potentially the benefit of high throughput and low cost as it is a truly programmable assembly technique, which allows fast manipulation of small chips in parallel. However, accurate manipulation of the electrostatic force is difficult. There is evidence that excessive electrostatic force may damage the chips, leading to the failure of the functional device.





4. Summary and Outlook


We have summarized a variety of hetero-integration technologies of semiconductor materials and devices by layer transfer and chip transfer. Among them, some layer transfer techniques, such as epitaxial lift-off and stress-induced delamination, allow the practical wafer-scale transfer of ultrathin semiconductor films in a cost-effective manner while preserving the original growth substrate, making them appealing for practical volume production. Other chip-level transfer methods provide practical ways to enable the hybrid assembly of dissimilar materials and components to build complex functional devices and systems, regardless of the conditions for their growth and fabrication. In many cases, such functional systems, which are difficult to achieve by conventional assembly technologies, show improved device performances and expanded functionalities. For instance, some of the methods presented in this review, such as stamp transfer printing, allow the conformal integration of microscale components onto flexible substrates and curved surfaces, opening up the possibility of demonstrating complex microdisplay systems and flexible optoelectronic devices. Fluid-assisted assembly, on the other hand, allows the accurate assembly of components at predesigned locations by exploiting liquid surface tension force or liquid solders, and thus generates programmable device patterns and systems as desired.



Despite of the great progress in layer and chip scale transfer techniques, there are many challenges to be overcome for these methods, such as issues relevant to transfer speed, batch processing, transfer accuracy, transfer yield, and assembly cost. Since each transfer method has its own advantages and limitations, care must be taken to choose the right layer or chip transfer method for a specific application. Additionally, the optimization of the existing methods and development of new methods would motivate continued and expanded efforts in the future. The following research directions are worth exploring further:



Large-scale layer transfer techniques. Several techniques have exhibited capability for thin-film transfer, but the transfer is limited to only very small areas, restricting their practical use in large-scale production. Furthermore, the degraded thin-film quality, often accompanied by increased roughness and deteriorated optical performance, is another critical factor limiting these methods for practical use. ELO represents a promising technique for wafer-scale layer transfer technology. Continued efforts, however, should be focused on exploring the advanced epitaxial techniques by introducing suitable sacrificial layers to assist fast ELO while ensuring that the quality of the epitaxial layer is not obviously degraded. The corresponding etchants should be also properly selected, such that the etching duration and chemical etching-induced damage are minimized. VDW-assisted epitaxy is another promising method to be explored further for wafer-level layer transfer. However, the epitaxy on 2D layered semiconductors remains challenging. Therefore, continued efforts should be dedicated to choosing the right 2D sacrificial layer and improving the VDW epitaxy growth dynamics by optimizing the growth parameters and minimizing the dislocations at the interface.



Chip-scale transfer with high yield, high accuracy, and high throughput. Chip-level transfer techniques are critical for hetero-integration of various components when creating multifunctional devices and systems. Existing challenges, however, are mainly relevant to the low transfer yield and throughput. Efforts will be therefore focused on developing parallel transfer techniques which can promote the throughput substantially by manipulating and placing multiple chips simultaneously in each transfer cycle. Stamp transfer printing, laser-assisted transfer, or fluid-assisted assembly are representative technologies with parallel transfer capability which are more worthy of further exploration than those techniques based on one-to-one transfer. The factors affecting the transfer yield and placement accuracy, however, must be extensively studied to suit the needs of volume production. Programmable transfer is another research subject to be looked at.



The capability for curved surface integration and 3D integration. Hetero-integration of various devices and materials onto curved surfaces or bendable substrates is highly desirable for demonstrating flexible optoelectronic devices or even 3D integrated devices [178,179]. While existing technologies such as stamp transfer printing can partially address this challenge, new layer-level and chip-level transfer techniques with improved throughput and better scalability are in high demand. The roll-to-roll transfer technology combined with specially design stamps, for instance, may be an elegant method for achieving this goal in future.







Funding


This work was supported by the project funded by the Science and Technology Planning Project of Guangdong Province (2017A070701025,2017B010114002 and 2019B010925001), the Science and Technology Project of Guangzhou (201807010093), the Technology Innovation Program of Foshan (2018IT100222), and the Key-Area Research and Development Program of Guangdong Province (2020B010183001).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hwang, D.; Yonkee, B.P.; Addin, B.S.; Farrell, R.M.; Nakamura, S.; Speck, J.S.; DenBaars, S. Photoelectrochemical liftoff of LEDs grown on freestanding c-plane GaN substrates. Opt. Express 2016, 24, 22875–22880. [Google Scholar] [CrossRef]

	



Chung, R.B.-K.; Kim, D.; Lim, S.-K.; Choi, J.-S.; Kim, K.-J.; Lee, B.-H.; Jung, K.S.; Kim-Lee, H.-J.; Lee, W.J.; Park, B.; et al. Layer-Transferred GaN Template by Ion Cut for Nitride-Based Light-Emitting Diodes. Appl. Phys. Express 2013, 6, 111005. [Google Scholar] [CrossRef]

	



Lee, K.; Zimmerman, J.D.; Xiao, X.; Sun, K.; Forrest, S.R. Reuse of GaAs substrates for epitaxial lift-off by employing protection layers. J. Appl. Phys. 2012, 111, 033527. [Google Scholar] [CrossRef]

	



van Geelen, A.; Hageman, P.R.; Bauhuis, G.J.; van Rijsingen, P.C.; Schmidt, P.; Giling, L.J. Epitaxial lift-off GaAs solar cell from a reusable GaAs substrate. Mater. Sci. Eng. B 1997, 45, 162–171. [Google Scholar] [CrossRef]

	



Bauhuis, G.J.; Mulder, P.; Haverkamp, E.J.; Huijben, J.C.C.M.; Schermer, J.J. 26.1% thin-film GaAs solar cell using epitaxial lift-off. Solar Energy Mater. Solar Cells 2009, 93, 1488–1491. [Google Scholar] [CrossRef]

	



Cao, D.; Xiao, H.; Gao, Q.; Yang, X.; Luan, C.; Mao, H.; Liu, J.; Liu, X. Fabrication and improved photoelectrochemical properties of a transferred GaN-based thin film with InGaN/GaN layers. Nanoscale 2017, 9, 11504–11510. [Google Scholar] [CrossRef]

	



Chan, L.; Karmstrand, T.; Chan, A.; Shapturenka, P.; Hwang, D.; Margalith, T.; DenBaars, S.P.; Gordon, M.J. Fabrication and chemical lift-off of sub-micron scale III-nitride LED structures. Opt. Express 2020, 28, 35038–35046. [Google Scholar] [CrossRef] [PubMed]

	



Chan, L.; Shapturenka, P.; Pynn, C.D.; Margalith, T.; DenBaars, S.P.; Gordon, M.J. Lift-off of semipolar blue and green III-nitride LEDs grown on free-standing GaN. Appl. Phys. Lett. 2020, 117, 021104. [Google Scholar] [CrossRef]

	



Chang, T.-H.; Fan, W.; Liu, D.; Xia, Z.; Ma, Z.; Liu, S.; Menon, L.; Yang, H.; Zhou, W.; Berggren, J.; et al. Selective release of InP heterostructures from InP substrates. J. Vac. Sci. Technol. B Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 2016, 34, 041229. [Google Scholar] [CrossRef]

	



Chang, T.H.; Xiong, K.; Park, S.H.; Yuan, G.; Ma, Z.; Han, J. Strain Balanced AlGaN/GaN/AlGaN nanomembrane HEMTs. Sci. Rep. 2017, 7, 6360. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.; Han, J. High reflectance membrane-based distributed Bragg reflectors for GaN photonics. Appl. Phys. Lett. 2012, 101, 221104. [Google Scholar] [CrossRef]

	



Chen, D.; Xiao, H.; Han, J. Nanopores in GaN by electrochemical anodization in hydrofluoric acid: Formation and mechanism. J. Appl. Phys. 2012, 112, 064303. [Google Scholar] [CrossRef]

	



Chen, J.; Cheng, H.; Zhang, S.; Lan, F.; Qi, C.; Xu, Y.; Wang, Z.; Li, J.; Lai, Z. Fabrication of GaN Microporous Structure at a GaN/Sapphire Interface as the Template for Thick-Film GaN Separation Grown by HVPE. J. Electron. Mater. 2016, 45, 4782–4789. [Google Scholar] [CrossRef]

	



Cheng, C.-H.; Huang, T.-W.; Wu, C.-L.; Chen, M.K.; Chu, C.H.; Wu, Y.-R.; Shih, M.-H.; Lee, C.-K.; Kuo, H.-C.; Tsai, D.P.; et al. Transferring the bendable substrateless GaN LED grown on a thin C-rich SiC buffer layer to flexible dielectric and metallic plates. J. Mater. Chem. C 2017, 5, 607–617. [Google Scholar] [CrossRef]

	



Cheng, C.-W.; Shiu, K.-T.; Li, N.; Han, S.-J.; Shi, L.; Sadana, D.K. Epitaxial lift-off process for gallium arsenide substrate reuse and flexible electronics. Nat. Commun. 2013, 4, 1577. [Google Scholar] [CrossRef]

	



Cho, C.-Y.; Lee, S.-J.; Hong, S.-H.; Park, S.-C.; Park, S.-E.; Park, Y.; Park, S.-J. Growth and Separation of High Quality GaN Epilayer from Sapphire Substrate by Lateral Epitaxial Overgrowth and Wet Chemical Etching. Appl. Phys. Express 2011, 4. [Google Scholar] [CrossRef]

	



Choi, J.H.; Cho, E.H.; Lee, Y.S.; Shim, M.-B.; Ahn, H.Y.; Baik, C.-W.; Lee, E.H.; Kim, K.; Kim, T.-H.; Kim, S.; et al. Fully Flexible GaN Light-Emitting Diodes through Nanovoid-Mediated Transfer. Adv. Opt. Mater. 2014, 2, 267–274. [Google Scholar] [CrossRef]

	



Choi, W.; Kim, C.Z.; Kim, C.S.; Heo, W.; Joo, T.; Ryu, S.Y.; Kim, H.; Kim, H.; Kang, H.K.; Jo, S. A Repeatable Epitaxial Lift-Off Process from a Single GaAs Substrate for Low-Cost and High-Efficiency III-V Solar Cells. Adv. Energy Mater. 2014, 4, 1400589. [Google Scholar] [CrossRef]

	



Chuang, S.-H.; Pan, C.-T.; Shen, K.-C.; Ou, S.-L.; Wuu, D.-S.; Horng, R.-H. Thin Film GaN LEDs Using a Patterned Oxide Sacrificial Layer by Chemical Lift-Off Process. IEEE Photonics Technol. Lett. 2013, 25, 2435–2438. [Google Scholar] [CrossRef]

	



Chung, J.W.; Piner, E.L.; Palacios, T. N-Face GaN/AlGaN HEMTs Fabricated Through Layer Transfer Technology. IEEE Electron Device Lett. 2009, 30, 113–116. [Google Scholar] [CrossRef]

	



Chyi, J.-I.; Fujioka, H.; Morkoç, H.; Nanishi, Y.; Schwarz, U.T.; Shim, J.-I.; Bayram, C. InGaN-based flexible light emitting diodes. In Proceedings of the Gallium Nitride Materials and Devices XII, San Francisco, CA, USA, 16 February 2017. [Google Scholar] [CrossRef]

	



Dong, J.; Wang, B.; Zou, X.; Zhao, W.; He, C.; He, L.; Wang, Q.; Chen, Z.; Li, S.; Zhang, K.; et al. Centimeter-long III-Nitride nanowires and continuous-wave pumped lasing enabled by graphically epitaxial lift-off. Nano Energy 2020, 78, 105404. [Google Scholar] [CrossRef]

	



ElAfandy, R.T.; Majid, M.A.; Ng, T.K.; Zhao, L.; Cha, D.; Ooi, B.S. Exfoliation of Threading Dislocation-Free, Single-Crystalline, Ultrathin Gallium Nitride Nanomembranes. Adv. Funct. Mater. 2014, 24, 2305–2311. [Google Scholar] [CrossRef]

	



Englhard, M.; Klemp, C.; Behringer, M.; Rudolph, A.; Skibitzki, O.; Zaumseil, P.; Schroeder, T. Characterization of reclaimed GaAs substrates and investigation of reuse for thin film InGaAlP LED epitaxial growth. J. Appl. Phys. 2016, 120, 045301. [Google Scholar] [CrossRef]

	



Englhard, M.; Reuters, B.; Michaelis, F.B.; Behringer, M.; Sundgren, P.; Klemp, C.; Skibitzki, O.; Schroeder, T. A novel vacuum epitaxial lift-off (VELO) process for separation of hard GaAs substrate/carrier systems for a more green semiconductor LED production. Mater. Sci. Semicond. Process. 2017, 71, 389–395. [Google Scholar] [CrossRef]

	



George, T.; Logeeswaran, V.J.; Islam, M.S.; Goodwin, J.; Katzenmeyer, A.M.; Dutta, A.K.; Islam, M.S. Heterogeneous 3D integration of multi-spectral photonic sensor with highly oriented micro/nano-pillars of semiconductors. In Proceedings of the Micro and Nanotechnology Sensors, Systems, and Applications, Orlando, FL, USA, 11 May 2009. [Google Scholar] [CrossRef]

	



Geum, D.M.; Kim, S.; Kim, S.K.; Kang, S.; Kyhm, J.; Song, J.; Choi, W.J.; Yoon, E. Monolithic integration of visible GaAs and near-infrared InGaAs for multicolor photodetectors by using high-throughput epitaxial lift-off toward high-resolution imaging systems. Sci. Rep. 2019, 9, 18661. [Google Scholar] [CrossRef]

	



Glavin, N.R.; Chabak, K.D.; Heller, E.R.; Moore, E.A.; Prusnick, T.A.; Maruyama, B.; Walker, D.E., Jr.; Dorsey, D.L.; Paduano, Q.; Snure, M. Flexible Gallium Nitride for High-Performance, Strainable Radio-Frequency Devices. Adv. Mater. 2017, 29, 1701838. [Google Scholar] [CrossRef]

	



Ha, J.-S.; Lee, S.W.; Lee, H.-J.; Lee, H.-J.; Lee, S.H.; Goto, H.; Kato, T.; Fujii, K.; Cho, M.W.; Yao, T. The Fabrication of Vertical Light-Emitting Diodes Using Chemical Lift-Off Process. IEEE Photonics Technol. Lett. 2008, 20, 175–177. [Google Scholar] [CrossRef]

	



Hsieh, C.; Chen, H.-S.; Liao, C.-H.; Chen, C.-Y.; Lin, C.-H.; Lin, C.-H.; Ting, S.-Y.; Yao, Y.-F.; Chen, H.-T.; Kiang, Y.-W.; et al. Photoelectrochemical Liftoff of Patterned Sapphire Substrate for Fabricating Vertical Light-Emitting Diode. IEEE Photonics Technol. Lett. 2012, 24, 1775–1777. [Google Scholar] [CrossRef]

	



Hsueh, H.-H.; Ou, S.-L.; Wuu, D.-S.; Horng, R.-H. InGaN LED fabricated on Eco-GaN template with a Ga2O3 sacrificial layer for chemical lift-off application. Vacuum 2015, 118, 8–12. [Google Scholar] [CrossRef]

	



Huang, S.; Zhang, Y.; Leung, B.; Yuan, G.; Wang, G.; Jiang, H.; Fan, Y.; Sun, Q.; Wang, J.; Xu, K.; et al. Mechanical properties of nanoporous GaN and its application for separation and transfer of GaN thin films. ACS Appl Mater Interfaces 2013, 5, 11074–11079. [Google Scholar] [CrossRef]

	



Huo, Q.; Shao, Y.; Wu, Y.; Zhang, B.; Hu, H.; Hao, X. High quality self-separated GaN crystal grown on a novel nanoporous template by HVPE. Sci. Rep. 2018, 8, 3166. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Dong, J.; Wang, B.; He, C.; Zhao, W.; Chen, Z.; Zhang, K.; Wang, X. Epitaxtial lift-off for freestanding InGaN/GaN membranes and vertical blue light-emitting-diodes. J. Mater. Chem. C 2020, 8, 8284–8289. [Google Scholar] [CrossRef]

	



Kang, K.; Lee, K.H.; Han, Y.; Gao, H.; Xie, S.; Muller, D.A.; Park, J. Layer-by-layer assembly of two-dimensional materials into wafer-scale heterostructures. Nature 2017, 550, 229–233. [Google Scholar] [CrossRef]

	



Kirk, A.P.; Cardwell, D.W.; Wood, J.D.; Wibowo, A.; Forghani, K.; Rowell, D.; Pan, N.; Osowski, M. Recent Progress in Epitaxial Lift-Off Solar Cells. Proceedings of 2018 IEEE 7th World Conference on Photovoltaic Energy Conversion (WCPEC) (A Joint Conference of 45th IEEE PVSC, 28th PVSEC & 34th EU PVSEC), Waikoloa HI, USA, 10–15 June 2018; pp. 32–35. [Google Scholar]

	



Lee, D.; Cherekdjian, S.; Kang, S.; Mishra, K.; Ong, P.; Xu, X. 18-2: Ultra-Fine High Efficiency MicroLEDs with Testability and Transferability Using Layer-Transfer Technology. SID Symp. Dig. Tech. Pap. 2019, 50, 236–239. [Google Scholar] [CrossRef]

	



Lee, S.; Kim, S.K.; Han, J.-H.; Song, J.D.; Jun, D.-H.; Kim, S.-H. Epitaxial Lift-Off Technology for Large Size III–V-on-Insulator Substrate. IEEE Electron Device Lett. 2019, 40, 1732–1735. [Google Scholar] [CrossRef]

	



Lesecq, M.; Hoel, V.; Lecavelier des Etangs-Levallois, A.; Pichonat, E.; Douvry, Y.; De Jaeger, J.C. High Performance of AlGaN/GaN HEMTs Reported on Adhesive Flexible Tape. IEEE Electron Device Lett. 2011, 32, 143–145. [Google Scholar] [CrossRef]

	



Li, Y.; Zhao, Y.; Wei, T.; Liu, Z.; Duan, R.; Wang, Y.; Zhang, X.; Wu, Q.; Yan, J.; Yi, X.; et al. Van der Waals epitaxy of GaN-based light-emitting diodes on wet-transferred multilayer graphene film. Jpn. J. Appl. Phys. 2017, 56, 85506. [Google Scholar] [CrossRef]

	



Lin, C.-F.; Dai, J.-J.; Lin, M.-S.; Chen, K.-T.; Huang, W.-C.; Lin, C.-M.; Jiang, R.-H.; Huang, Y.-C. An AlN Sacrificial Buffer Layer Inserted into the GaN/Patterned Sapphire Substrate for a Chemical Lift-Off Process. Appl. Phys. Express 2010, 3, 31001. [Google Scholar] [CrossRef]

	



Lin, C.-F.; Dai, J.-J.; Wang, G.-M.; Lin, M.-S. Chemical Lift-Off Process for Blue Light-Emitting Diodes. Appl. Phys. Express 2010, 3, 092101. [Google Scholar] [CrossRef]

	



Lin, M.-S.; Lin, C.-F.; Huang, W.-C.; Wang, G.-M.; Shieh, B.-C.; Dai, J.-J.; Chang, S.-Y.; Wuu, D.S.; Liu, P.-L.; Horng, R.-H. Chemical–Mechanical Lift-Off Process for InGaN Epitaxial Layers. Appl. Phys. Express 2011, 4, 062101. [Google Scholar] [CrossRef]

	



Liu, H.F.; Liu, W.; Chua, S.J. Epitaxial growth and chemical lift-off of GaInN/GaN heterostructures on c- and r-sapphire substrates employing ZnO sacrificial templates. J. Vac. Sci. Technol. A Vac. Surf. Films 2010, 28, 590–594. [Google Scholar] [CrossRef]

	



Meyer, D.J.; Downey, B.P.; Katzer, D.S.; Nepal, N.; Wheeler, V.D.; Hardy, M.T.; Anderson, T.J.; Storm, D.F. Epitaxial Lift-Off and Transfer of III-N Materials and Devices from SiC Substrates. IEEE Trans. Semicond. Manuf. 2016, 29, 384–389. [Google Scholar] [CrossRef]

	



Moon, S.; Kim, K.; Kim, Y.; Heo, J.; Lee, J. Highly efficient single-junction GaAs thin-film solar cell on flexible substrate. Sci. Rep. 2016, 6, 30107. [Google Scholar] [CrossRef] [PubMed]

	



O’Callaghan, J.; Loi, R.; Mura, E.E.; Roycroft, B.; Trindade, A.J.; Thomas, K.; Gocalinska, A.; Pelucchi, E.; Zhang, J.; Roelkens, G.; et al. Comparison of InGaAs and InAlAs sacrificial layers for release of InP-based devices. Opt. Mater. Express 2017, 7, 4408. [Google Scholar] [CrossRef]

	



Park, J.; Song, K.M.; Jeon, S.-R.; Baek, J.H.; Ryu, S.-W. Doping selective lateral electrochemical etching of GaN for chemical lift-off. Appl. Phys. Lett. 2009, 94, 221907. [Google Scholar] [CrossRef]

	



Park, S.; Simon, J.; Schulte, K.L.; Ptak, A.J.; Wi, J.-S.; Young, D.L.; Oh, J. Germanium-on-Nothing for Epitaxial Liftoff of GaAs Solar Cells. Joule 2019, 3, 1782–1793. [Google Scholar] [CrossRef]

	



Park, S.H.; Yuan, G.; Chen, D.; Xiong, K.; Song, J.; Leung, B.; Han, J. Wide bandgap III-nitride nanomembranes for optoelectronic applications. Nano Lett. 2014, 14, 4293–4298. [Google Scholar] [CrossRef]

	



Pasayat, S.S.; Gupta, C.; Wong, M.S.; Wang, Y.; Nakamura, S.; Denbaars, S.P.; Keller, S.; Mishra, U.K. Growth of strain-relaxed InGaN on micrometer-sized patterned compliant GaN pseudo-substrates. Appl. Phys. Lett. 2020, 116, 111101. [Google Scholar] [CrossRef]

	



Rajan, A.; Rogers, D.J.; Ton-That, C.; Zhu, L.; Phillips, M.R.; Sundaram, S.; Gautier, S.; Moudakir, T.; El-Gmili, Y.; Ougazzaden, A.; et al. Wafer-scale epitaxial lift-off of optoelectronic grade GaN from a GaN substrate using a sacrificial ZnO interlayer. J. Phys. D Appl. Phys. 2016, 49, 315105. [Google Scholar] [CrossRef]

	



Schermer, J.J.; Bauhuis, G.J.; Mulder, P.; Meulemeesters, W.J.; Haverkamp, E.; Voncken, M.M.A.J.; Larsen, P.K. High rate epitaxial lift-off of InGaP films from GaAs substrates. Appl. Phys. Lett. 2000, 76, 2131–2133. [Google Scholar] [CrossRef]

	



Schermer, J.J.; Mulder, P.; Bauhuis, G.J.; Voncken, M.M.A.J.; van Deelen, J.; Haverkamp, E.; Larsen, P.K. Epitaxial Lift-Off for large area thin film III/V devices. Phys. Status Solidi 2005, 202, 501–508. [Google Scholar] [CrossRef]

	



Voncken, M.M.A.J.; Schermer, J.J.; Bauhuis, G.J.; Mulder, P.; Larsen, P.K. Multiple release layer study of the intrinsic lateral etch rate of the epitaxial lift-off process. Appl. Phys. A 2004, 79, 1801–1807. [Google Scholar] [CrossRef]

	



Vuong, P.; Sundaram, S.; Mballo, A.; Patriarche, G.; Leone, S.; Benkhelifa, F.; Karrakchou, S.; Moudakir, T.; Gautier, S.; Voss, P.L.; et al. Control of the Mechanical Adhesion of III-V Materials Grown on Layered h-BN. ACS Appl. Mater. Interfaces 2020, 12, 55460–55466. [Google Scholar] [CrossRef]

	



Wu, F.L.; Ou, S.L.; Kao, Y.C.; Chen, C.L.; Tseng, M.C.; Lu, F.C.; Lin, M.T.; Horng, R.H. Thin-film vertical-type AlGaInP LEDs fabricated by epitaxial lift-off process via the patterned design of Cu substrate. Opt. Express 2015, 23, 18156–18165. [Google Scholar] [CrossRef]

	



Xiong, K.; Mi, H.; Chang, T.-H.; Liu, D.; Xia, Z.; Wu, M.-Y.; Yin, X.; Gong, S.; Zhou, W.; Shin, J.C.; et al. AlGaAs/Si dual-junction tandem solar cells by epitaxial lift-off and print-transfer-assisted direct bonding. Energy Sci. Eng. 2018, 6, 47–55. [Google Scholar] [CrossRef]

	



Xiong, K.; Park, S.H.; Song, J.; Yuan, G.; Chen, D.; Leung, B.; Han, J. Single Crystal Gallium Nitride Nanomembrane Photoconductor and Field Effect Transistor. Adv. Funct. Mater. 2014, 24, 6503–6508. [Google Scholar] [CrossRef]

	



Yang, W.; Yang, H.; Qin, G.; Ma, Z.; Berggren, J.; Hammar, M.; Soref, R.; Zhou, W. Large-area InP-based crystalline nanomembrane flexible photodetectors. Appl. Phys. Lett. 2010, 96, 121107. [Google Scholar] [CrossRef]

	



Youtsey, C.; McCarthy, R.; Reddy, R.; Forghani, K.; Xie, A.; Beam, E.; Wang, J.; Fay, P.; Ciarkowski, T.; Carlson, E.; et al. Wafer-scale epitaxial lift-off of GaN using bandgap-selective photoenhanced wet etching. Phys. Status Solidi 2017, 254, 1600774. [Google Scholar] [CrossRef]

	



Zang, K.; Cheong, D.; Liu, H.; Liu, H.; Teng, J.; Chua, S. A New Method for Lift-off of III-Nitride Semiconductors for Heterogeneous Integration. Nanoscale Res. Lett. 2010, 5, 1051–1056. [Google Scholar] [CrossRef]

	



Zhang, B.; Egawa, T.; Ishikawa, H.; Liu, Y.; Jimbo, T. Thin-film InGaN multiple-quantum-well light-emitting diodes transferred from Si (111) substrate onto copper carrier by selective lift-off. Appl. Phys. Lett. 2005, 86, 071113. [Google Scholar] [CrossRef]

	



Zhang, Y.; Leung, B.; Han, J. A liftoff process of GaN layers and devices through nanoporous transformation. Appl. Phys. Lett. 2012, 100, 181908. [Google Scholar] [CrossRef]

	



Zhang, Y.; Ryu, S.-W.; Yerino, C.; Leung, B.; Sun, Q.; Song, Q.; Cao, H.; Han, J. A conductivity-based selective etching for next generation GaN devices. Phys. Status Solidi 2010, 247, 1713–1716. [Google Scholar] [CrossRef]

	



Zhang, Y.; Sun, Q.; Leung, B.; Simon, J.; Lee, M.L.; Han, J. The fabrication of large-area, free-standing GaN by a novel nanoetching process. NanoTechnology 2011, 22, 045603. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, C.; Ng, T.K.; Tseng, C.-C.; Li, J.; Shi, Y.; Wei, N.; Zhang, D.; Consiglio, G.B.; Prabaswara, A.; Alhamoud, A.A.; et al. InGaN/GaN nanowires epitaxy on large-area MoS2 for high-performance light-emitters. RSC Adv. 2017, 7, 26665–26672. [Google Scholar] [CrossRef]

	



Tapily, K.; Moutanabbir, O.; Abdullah, M.; Gu, D.; Baumgart, H.; Elmustafa, A. Hydrogen Ion-Induced AlN Thin Layer Transfer: An Elastomechanical Study. ECS Trans. 2019, 33, 255–261. [Google Scholar] [CrossRef]

	



Tauzin, A.; Akatsu, T.; Rabarot, M.; Dechamp, J.; Zussy, M.; Moriceau, H.; Michaud, J.F.; Charvet, A.M.; Di Cioccio, L.; Fournel, F.; et al. Transfers of 2-inch GaN films onto sapphire substrates using Smart CutTM technology. Electron. Lett. 2005, 41, 668. [Google Scholar] [CrossRef]

	



Dross, F.; Robbelein, J.; Vandevelde, B.; Van Kerschaver, E.; Gordon, I.; Beaucarne, G.; Poortmans, J. Stress-induced large-area lift-off of crystalline Si films. Appl. Phys. A 2007, 89, 149–152. [Google Scholar] [CrossRef]

	



Bedell, S.W.; Shahrjerdi, D.; Hekmatshoar, B.; Fogel, K.; Lauro, P.A.; Ott, J.A.; Sosa, N.; Sadana, D. Kerf-Less Removal of Si, Ge, and III–V Layers by Controlled Spalling to Enable Low-Cost PV Technologies. IEEE J. Photovolt. 2012, 2, 141–147. [Google Scholar] [CrossRef]

	



Shahrjerdi, D.; Bedell, S.W.; Ebert, C.; Bayram, C.; Hekmatshoar, B.; Fogel, K.; Lauro, P.; Gaynes, M.; Gokmen, T.; Ott, J.A.; et al. High-efficiency thin-film InGaP/InGaAs/Ge tandem solar cells enabled by controlled spalling technology. Appl. Phys. Lett. 2012, 100, 053901. [Google Scholar] [CrossRef]

	



Bedell, S.W.; Bayram, C.; Fogel, K.; Lauro, P.; Kiser, J.; Ott, J.; Zhu, Y.; Sadana, D. Vertical Light-Emitting Diode Fabrication by Controlled Spalling. Appl. Phys. Express 2013, 6, 112301. [Google Scholar] [CrossRef]

	



Bedell, S.W.; Fogel, K.; Lauro, P.; Shahrjerdi, D.; Ott, J.A.; Sadana, D. Layer transfer by controlled spalling. J. Phys. D Appl. Phys. 2013, 46, 152002. [Google Scholar] [CrossRef]

	



Kwon, Y.; Yang, C.; Yoon, S.-H.; Um, H.-D.; Lee, J.-H.; Yoo, B. Spalling of a Thin Si Layer by Electrodeposit-Assisted Stripping. Appl. Phys. Express 2013, 6, 116502. [Google Scholar] [CrossRef]

	



Shahrjerdi, D.; Bedell, S.W. Extremely flexible nanoscale ultrathin body silicon integrated circuits on plastic. Nano Lett. 2013, 13, 315–320. [Google Scholar] [CrossRef]

	



Shahrjerdi, D.; Bedell, S.W.; Bayram, C.; Lubguban, C.C.; Fogel, K.; Lauro, P.; Ott, J.A.; Hopstaken, M.; Gayness, M.; Sadana, D. Ultralight High-Efficiency Flexible InGaP/(In)GaAs Tandem Solar Cells on Plastic. Adv. Energy Mater. 2013, 3, 566–571. [Google Scholar] [CrossRef]

	



Kim, J.; Bayram, C.; Park, H.; Cheng, C.W.; Dimitrakopoulos, C.; Ott, J.A.; Reuter, K.B.; Bedell, S.W.; Sadana, D.K. Principle of direct van der Waals epitaxy of single-crystalline films on epitaxial graphene. Nat. Commun. 2014, 5, 4836. [Google Scholar] [CrossRef]

	



Sweet, C.A.; Schulte, K.L.; Simon, J.D.; Steiner, M.A.; Jain, N.; Young, D.L.; Ptak, A.J.; Packard, C.E. Controlled exfoliation of (100) GaAs-based devices by spalling fracture. Appl. Phys. Lett. 2016, 108, 011906. [Google Scholar] [CrossRef]

	



Bedell, S.W.; Lauro, P.; Ott, J.A.; Fogel, K.; Sadana, D.K. Layer transfer of bulk gallium nitride by controlled spalling. J. Appl. Phys. 2017, 122, 025103. [Google Scholar] [CrossRef]

	



Park, H.; Lim, C.; Noh, Y.; Lee, C.-J.; Won, H.; Jung, J.; Choi, M.; Kim, J.-J.; Yoo, H.; Park, H. Investigation of electrical characteristics of flexible CMOS devices fabricated with thickness-controlled spalling process. Solid-State Electron. 2020, 173, 107901. [Google Scholar] [CrossRef]

	



Shchekin, O.B.; Epler, J.E.; Trottier, T.A.; Margalith, T.; Steigerwald, D.A.; Holcomb, M.O.; Martin, P.S.; Krames, M.R. High performance thin-film flip-chip InGaN–GaN light-emitting diodes. Appl. Phys. Lett. 2006, 89, 071109. [Google Scholar] [CrossRef]

	



Hu, X.-L.; Zhang, J.; Wang, H.; Zhang, X.-C. High-luminous efficacy white light-emitting diodes with thin-film flip-chip technology and surface roughening scheme. J. Phys. D Appl. Phys. 2016, 49, 445102. [Google Scholar] [CrossRef]

	



Krames, M.R.; Shchekin, O.B.; Mueller-Mach, R.; Mueller, G.O.; Zhou, L.; Harbers, G.; Craford, M.G. Status and Future of High-Power Light-Emitting Diodes for Solid-State Lighting. J. Disp. Technol. 2007, 3, 160–175. [Google Scholar] [CrossRef]

	



Zhu, P.; Tan, C.K.; Sun, W.; Tansu, N. Aspect ratio engineering of microlens arrays in thin-film flip-chip light-emitting diodes. Appl. Opt. 2015, 54, 10299–10303. [Google Scholar] [CrossRef]

	



Zhu, P.; Tansu, N. Resonant cavity effect optimization of III-nitride thin-film flip-chip light-emitting diodes with microsphere arrays. Appl. Opt. 2015, 54, 6305–6312. [Google Scholar] [CrossRef]

	



Bruel, M. Silicon on insulator material technology. Electron. Lett. 1995, 31, 1201. [Google Scholar] [CrossRef]

	



Wang, C.A.; Shiau, D.A.; Murphy, P.G.; O’Brien, P.W.; Huang, R.K.; Connors, M.K.; Anderson, A.C.; Donetsky, D.; Anikeev, S.; Belenky, G.; et al. Wafer bonding and epitaxial transfer of GaSb-based epitaxy to GaAs for monolithic interconnection of thermophotovoltaic devices. J. Electron. Mater. 2004, 33, 213–217. [Google Scholar] [CrossRef]

	



Kasai, S.; Tanabashi, A.; Kajiki, K.; Itsuji, T.; Kurosaka, R.; Yoneyama, H.; Yamashita, M.; Ito, H.; Ouchi, T. Micro Strip Line-Based On-Chip Terahertz Integrated Devices for High Sensitivity Biosensors. Appl. Phys. Express 2009, 2, 062401. [Google Scholar] [CrossRef]

	



Liang, D.; Fang, A.; Oakley, D.; Napoleone, A.; Chapman, D.; Chen, C.-L.; Juodawlkis, P.; Raday, O.; Bowers, J.E. 150 mm InP-to-Silicon Direct Wafer Bonding for Silicon Photonic Integrated Circuits. ECS Trans. 2019, 16, 235–241. [Google Scholar] [CrossRef]

	



Kim, S.H.; Yoon, J.; Yun, S.O.; Hwang, Y.; Jang, H.S.; Ko, H.C. Ultrathin Sticker-Type ZnO Thin Film Transistors Formed by Transfer Printing via Topological Confinement of Water-Soluble Sacrificial Polymer in Dimple Structure. Adv. Funct. Mater. 2013, 23, 1375–1382. [Google Scholar] [CrossRef]

	



Nam, J.; Lee, Y.; Choi, W.; Kim, C.S.; Kim, H.; Kim, J.; Kim, D.-H.; Jo, S. Transfer Printed Flexible and Stretchable Thin Film Solar Cells Using a Water-Soluble Sacrificial Layer. Adv. Energy Mater. 2016, 6, 1601269. [Google Scholar] [CrossRef]

	



Yun, S.O.; Hwang, Y.; Park, J.; Jeong, Y.; Kim, S.H.; Noh, B.I.; Jung, H.S.; Jang, H.S.; Hyun, Y.; Choa, S.H.; et al. Sticker-type Alq(3)-based OLEDs based on printable ultrathin substrates in periodically anchored and suspended configurations. Adv. Mater. 2013, 25, 5626–5631. [Google Scholar] [CrossRef] [PubMed]

	



Borgne, B.; Liu, S.; Morvan, X.; Crand, S.; Sporea, R.A.; Lu, N.; Harnois, M. Water Transfer Printing Enhanced by Water-Induced Pattern Expansion: Toward Large-Area 3D Electronics. Adv. Mater. Technol. 2019, 4, 1800600. [Google Scholar] [CrossRef]

	



Biswas, S.; Mozafari, M.; Stauden, T.; Jacobs, H.O. Surface Tension Directed Fluidic Self-Assembly of Semiconductor Chips across Length Scales and Material Boundaries. Micromachines 2016, 7, 54. [Google Scholar] [CrossRef]

	



Kaltwasser, M.; Schmidt, U.; Biswas, S.; Reiprich, J.; Schlag, L.; Isaac, N.A.; Stauden, T.; Jacobs, H.O. Core-Shell Transformation-Imprinted Solder Bumps Enabling Low-Temperature Fluidic Self-Assembly and Self-Alignment of Chips and High Melting Point Interconnects. ACS Appl. Mater. Interfaces 2018, 10, 40608–40613. [Google Scholar] [CrossRef]

	



Park, S.C.; Biswas, S.; Fang, J.; Mozafari, M.; Stauden, T.; Jacobs, H.O. Millimeter Thin and Rubber-Like Solid-State Lighting Modules Fabricated Using Roll-to-Roll Fluidic Self-Assembly and Lamination. Adv. Mater. 2015, 27, 3661–3668. [Google Scholar] [CrossRef]

	



Ezhilarasu, G.; Hanna, A.; Paranjpe, A.; Iyer, S.S. High Yield Precision Transfer and Assembly of GaN µLEDs Using Laser Assisted Micro Transfer Printing. In Proceedings of the 2019 IEEE 69th Electronic Components and Technology Conference (ECTC), Las Vegas, NV, USA, 28–31 May 2019; pp. 1470–1474. [Google Scholar]

	



Bower, C.A.; Meitl, M.A.; Raymond, B.; Radauscher, E.; Cok, R.; Bonafede, S.; Gomez, D.; Moore, T.; Prevatte, C.; Fisher, B.; et al. Emissive displays with transfer-printed assemblies of 8  μm × 15  μm inorganic light-emitting diodes. Photonics Res. 2017, 5, A23. [Google Scholar] [CrossRef]

	



Choi, M.; Jang, B.; Lee, W.; Lee, S.; Kim, T.W.; Lee, H.-J.; Kim, J.-H.; Ahn, J.-H. Stretchable Active Matrix Inorganic Light-Emitting Diode Display Enabled by Overlay-Aligned Roll-Transfer Printing. Adv. Funct. Mater. 2017, 27, 1606005. [Google Scholar] [CrossRef]

	



Eisenhaure, J.D.; Rhee, S.I.; Al-Okaily, A.a.M.; Carlson, A.; Ferreira, P.M.; Kim, S. The Use of Shape Memory Polymers for MEMS Assembly. J. Microelectromech. Syst. 2016, 25, 69–77. [Google Scholar] [CrossRef]

	



Yan, Z.; Pan, T.; Xue, M.; Chen, C.; Cui, Y.; Yao, G.; Huang, L.; Liao, F.; Jing, W.; Zhang, H.; et al. Thermal Release Transfer Printing for Stretchable Conformal Bioelectronics. Adv. Sci. 2017, 4, 1700251. [Google Scholar] [CrossRef]

	



Cho, S.; Kim, N.; Song, K.; Lee, J. Adhesiveless Transfer Printing of Ultrathin Microscale Semiconductor Materials by Controlling the Bending Radius of an Elastomeric Stamp. Langmuir 2016, 32, 7951–7957. [Google Scholar] [CrossRef]

	



Corbett, B.; Loi, R.; O’Callaghan, J.; Roelkens, G. Transfer Printing for Silicon Photonics. In Silicon Photonics; Elsevier: Amsterdam, The Netherlands, 2018; pp. 43–70. [Google Scholar] [CrossRef]

	



Kim, J.; Kim, J.-H.; Cho, S.-H.; Whang, K.-H. Selective lift-off of GaN light-emitting diode from a sapphire substrate using 266-nm diode-pumped solid-state laser irradiation. Appl. Phys. A 2016, 122, 305. [Google Scholar] [CrossRef]

	



Yoon, J.; Lee, S.-M.; Kang, D.; Meitl, M.A.; Bower, C.A.; Rogers, J.A. Heterogeneously Integrated Optoelectronic Devices Enabled by Micro-Transfer Printing. Adv. Opt. Mater. 2015, 3, 1313–1335. [Google Scholar] [CrossRef]

	



Chu, K.M.; Lee, J.S.; Cho, H.S.; Park, H.H.; Jeon, D.Y. A Fluxless Flip-Chip Bonding for VCSEL Arrays Using Silver-Coated Indium Solder Bumps. IEEE Trans. Electron. Packag. Manuf. 2004, 27, 246–253. [Google Scholar] [CrossRef]

	



Chen, C.-J.; Chen, H.-C.; Liao, J.-H.; Yu, C.-J.; Wu, M.-C. Fabrication and Characterization of Active–Matrix 960×540 Blue GaN-Based Micro-LED Display. IEEE J. Quantum Electron. 2019, 55, 1–6. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, P.; Zou, X.; Jiang, J.; Yuen, S.H.; Tang, C.W.; Lau, K.M. Active Matrix Monolithic LED Micro-Display Using GaN-on-Si Epilayers. IEEE Photonics Technol. Lett. 2019, 31, 865–868. [Google Scholar] [CrossRef]

	



Kiwon, L.; Hyoung-Joon, K.; Myung-Jin, Y.; Kyung-Wook, P. Ultrasonic Bonding Using Anisotropic Conductive Films (ACFs) for Flip Chip Interconnection. IEEE Trans. Electron. Packag. Manuf. 2009, 32, 241–247. [Google Scholar] [CrossRef]

	



Um, J.G.; Jeong, D.Y.; Jung, Y.; Moon, J.K.; Jung, Y.H.; Kim, S.; Kim, S.H.; Lee, J.S.; Jang, J. Active-Matrix GaN µ-LED Display Using Oxide Thin-Film Transistor Backplane and Flip Chip LED Bonding. Adv. Electron. Mater. 2019, 5, 1800617. [Google Scholar] [CrossRef]

	



Gong, Z.; Gu, E.; Jin, S.R.; Massoubre, D.; Guilhabert, B.; Zhang, H.X.; Dawson, M.D.; Poher, V.; Kennedy, G.T.; French, P.M.W. Efficient flip-chip InGaN micro-pixellated light-emitting diode arrays: Promising candidates for micro-displays and colour conversion. J. Phys. D Appl. Phys. 2008, 41, 094002. [Google Scholar] [CrossRef]

	



Gong, Z.; Guilhabert, B.; Chen, Z.; Dawson, M.D. Direct LED writing of submicron resist patterns: Towards the fabrication of individually-addressable InGaN submicron stripe-shaped LED arrays. Nano Res. 2014, 7, 1849–1860. [Google Scholar] [CrossRef]

	



Gong, Z.; Jin, S.; Chen, Y.; McKendry, J.; Massoubre, D.; Watson, I.M.; Gu, E.; Dawson, M.D. Size-dependent light output, spectral shift, and self-heating of 400 nm InGaN light-emitting diodes. J. Appl. Phys. 2010, 107, 013103. [Google Scholar] [CrossRef]

	



Gong, Z.; Liu, N.Y.; Tao, Y.B.; Massoubre, D.; Xie, E.Y.; Hu, X.D.; Chen, Z.Z.; Zhang, G.Y.; Pan, Y.B.; Hao, M.S. Electrical, spectral and optical performance of yellow–green and amber micro-pixelated InGaN light-emitting diodes. Semicond. Sci. Technol. 2011, 27, 015003. [Google Scholar] [CrossRef]

	



Gong, Z.; Zhang, H.X.; Gu, E.; Griffin, C.; Dawson, M.D.; Poher, V.; Kennedy, G.; French, P.M.W.; Neil, M.A.A. Matrix-addressable micropixellated InGaN light-emitting diodes with uniform emission and increased light output. IEEE Trans. Electron Devices 2007, 54, 2650–2658. [Google Scholar] [CrossRef]

	



McKendry, J.J.D.; Green, R.P.; Kelly, A.E.; Gong, Z.; Guilhabert, B.; Massoubre, D.; Gu, E.; Dawson, M.D. High-speed visible light communications using individual pixels in a micro light-emitting diode array. IEEE Photonics Technol. Lett. 2010, 22, 1346–1348. [Google Scholar] [CrossRef]

	



Pan, Z.; Guo, C.; Wang, X.; Liu, J.; Cao, R.; Gong, Y.; Wang, J.; Liu, N.; Chen, Z.; Wang, L.; et al. Wafer-Scale Micro-LEDs Transferred onto an Adhesive Film for Planar and Flexible Displays. Adv. Mater. Technol. 2020, 5, 2000549. [Google Scholar] [CrossRef]

	



Tian, P.; McKendry, J.J.D.; Gong, Z.; Guilhabert, B.; Watson, I.M.; Gu, E.; Chen, Z.; Zhang, G.; Dawson, M.D. Size-dependent efficiency and efficiency droop of blue InGaN micro-light emitting diodes. Appl. Phys. Lett. 2012, 101, 231110. [Google Scholar] [CrossRef]

	



Wu, M.; Gong, Z.; Kuehne, A.J.C.; Kanibolotsky, A.L.; Chen, Y.J.; Perepichka, I.F.; Mackintosh, A.R.; Gu, E.; Skabara, P.J.; Pethrick, R.A. Hybrid GaN/organic microstructured light-emitting devices via ink-jet printing. Opt. Express 2009, 17, 16436–16443. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Gong, Z.; McKendry, J.J.D.; Watson, S.; Cogman, A.; Xie, E.; Tian, P.; Gu, E.; Chen, Z.; Zhang, G. CMOS-controlled color-tunable smart display. IEEE Photonics J. 2012, 4, 1639–1646. [Google Scholar] [CrossRef]

	



Fearing, R.S. Survey of sticking effects for micro parts handling. In Proceedings of the 1995 IEEE/RSJ International Conference on Intelligent Robots and Systems. Human Robot Interaction and Cooperative Robots, Pittsburgh, PA, USA, 5–9 August 1995; pp. 212–217. [Google Scholar]

	



Lu, Z.; Chen, P.C.Y.; Lin, W. Force Sensing and Control in Micromanipulation. IEEE Trans. Syst. Man Cybern. Part C (Appl. Rev.) 2006, 36, 713–724. [Google Scholar] [CrossRef]

	



Mohseni, H.; Lee, S.H.; Park, S.Y.; Lee, K.J.; Agahi, M.H.; Razeghi, M. Laser lift-off of GaN thin film and its application to the flexible light emitting diodes. Proceedings of Biosensing and Nanomedicine V, Sand Diego, CA, USA, 10 October 2012; p. 846011. [Google Scholar] [CrossRef]

	



Asad, M.; Li, Q.; Lee, C.H.; Sachdev, M.; Wong, W.S. Integration of GaN light-emitting diodes with a-Si:H thin-film transistors for flexible displays. NanoTechnology 2019, 30, 324003. [Google Scholar] [CrossRef]

	



Kim, H.M.; Ryu, M.; Cha, J.H.J.; Kim, H.S.; Jeong, T.; Jang, J. Ten micrometer pixel, quantum dots color conversion layer for high resolution and full color active matrix micro-LED display. J. Soc. Inf. Disp. 2019, 27, 347–353. [Google Scholar] [CrossRef]

	



Lee, H.E.; Shin, J.H.; Park, J.H.; Hong, S.K.; Park, S.H.; Lee, S.H.; Lee, J.H.; Kang, I.S.; Lee, K.J. Micro Light-Emitting Diodes for Display and Flexible Biomedical Applications. Adv. Funct. Mater. 2019, 29, 1808075. [Google Scholar] [CrossRef]

	



Kim, H.S.; Brueckner, E.; Song, J.; Li, Y.; Kim, S.; Lu, C.; Sulkin, J.; Choquette, K.; Huang, Y.; Nuzzo, R.G.; et al. Unusual strategies for using indium gallium nitride grown on silicon (111) for solid-state lighting. Proc. Natl. Acad. Sci. USA 2011, 108, 10072–10077. [Google Scholar] [CrossRef] [PubMed]

	



Kim, R.H.; Kim, D.H.; Xiao, J.; Kim, B.H.; Park, S.I.; Panilaitis, B.; Ghaffari, R.; Yao, J.; Li, M.; Liu, Z.; et al. Waterproof AlInGaP optoelectronics on stretchable substrates with applications in biomedicine and robotics. Nat. Mater. 2010, 9, 929–937. [Google Scholar] [CrossRef] [PubMed]

	



Kim, T.I.; Jung, Y.H.; Song, J.; Kim, D.; Li, Y.; Kim, H.S.; Song, I.S.; Wierer, J.J.; Pao, H.A.; Huang, Y.; et al. High-efficiency, microscale GaN light-emitting diodes and their thermal properties on unusual substrates. Small 2012, 8, 1643–1649. [Google Scholar] [CrossRef]

	



Ding, K.; Avrutin, V.; Izyumskaya, N.; Özgür, Ü.; Morkoç, H. Micro-LEDs, a Manufacturability Perspective. Appl. Sci. 2019, 9, 1206. [Google Scholar] [CrossRef]

	



Lin, J.Y.; Jiang, H.X. Development of microLED. Appl. Phys. Lett. 2020, 116, 100502. [Google Scholar] [CrossRef]

	



Wu, T.; Sher, C.-W.; Lin, Y.; Lee, C.-F.; Liang, S.; Lu, Y.; Huang Chen, S.-W.; Guo, W.; Kuo, H.-C.; Chen, Z. Mini-LED and Micro-LED: Promising Candidates for the Next Generation Display Technology. Appl. Sci. 2018, 8, 1557. [Google Scholar] [CrossRef]

	



1Zhou, X.; Tian, P.; Sher, C.-W.; Wu, J.; Liu, H.; Liu, R.; Kuo, H.-C. Growth, transfer printing and colour conversion techniques towards full-colour micro-LED display. Prog. Quantum Electron. 2020, 71, 100263. [Google Scholar] [CrossRef]

	



Park, J.B.; Choi, W.S.; Chung, T.H.; Lee, S.H.; Kwak, M.K.; Ha, J.S.; Jeong, T. Transfer printing of vertical-type microscale light-emitting diode array onto flexible substrate using biomimetic stamp. Opt. Express 2019, 27, 6832–6841. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Tian, Y.; Luo, H.; Zhu, H.; Duan, Y.; Huang, Y. Fabrication Techniques for Curved Electronics on Arbitrary Surfaces. Adv. Mater. Technol. 2020, 5, 2000093. [Google Scholar] [CrossRef]

	



Wang, J.; Lee, P.S. Progress and Prospects in Stretchable Electroluminescent Devices. Nanophotonics 2017, 6, 435–451. [Google Scholar] [CrossRef]

	



Bian, J.; Zhou, L.; Wan, X.; Zhu, C.; Yang, B.; Huang, Y. Laser Transfer, Printing, and Assembly Techniques for Flexible Electronics. Adv. Electron. Mater. 2019, 5, 1800900. [Google Scholar] [CrossRef]

	



Carlson, A.; Bowen, A.M.; Huang, Y.; Nuzzo, R.G.; Rogers, J.A. Transfer printing techniques for materials assembly and micro/nanodevice fabrication. Adv. Mater. 2012, 24, 5284–5318. [Google Scholar] [CrossRef]

	



Linghu, C.; Zhang, S.; Wang, C.; Song, J. Transfer printing techniques for flexible and stretchable inorganic electronics. npj Flex. Electron. 2018, 2, 26. [Google Scholar] [CrossRef]

	



Park, S.; Kim, H.; Kim, J.H.; Yeo, W.H. Advanced Nanomaterials, Printing Processes, and Applications for Flexible Hybrid Electronics. Materials 2020, 13, 3587. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, H.; Qin, W.; Yu, Q.; Cheng, H.; Yu, X.; Wu, H. Transfer Printing and its Applications in Flexible Electronic Devices. NanoMaterials 2019, 9, 283. [Google Scholar] [CrossRef]

	



Sim, K.; Chen, S.; Li, Z.; Rao, Z.; Liu, J.; Lu, Y.; Jang, S.; Ershad, F.; Chen, J.; Xiao, J.; et al. Three-dimensional curvy electronics created using conformal additive stamp printing. Nat. Electron. 2019, 2, 471–479. [Google Scholar] [CrossRef]

	



Fukushima, T.; Alam, A.; Hanna, A.; Jangam, S.C.; Bajwa, A.A.; Iyer, S.S. Flexible Hybrid Electronics Technology Using Die-First FOWLP for High-Performance and Scalable Heterogeneous System Integration. IEEE Trans. Compon. Packag. Manuf. Technol. 2018, 8, 1738–1746. [Google Scholar] [CrossRef]

	



Choi, M.K.; Yang, J.; Kang, K.; Kim, D.C.; Choi, C.; Park, C.; Kim, S.J.; Chae, S.I.; Kim, T.H.; Kim, J.H.; et al. Wearable red-green-blue quantum dot light-emitting diode array using high-resolution intaglio transfer printing. Nat. Commun. 2015, 6, 7149. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, S.; Yoon, H.; Lee, B.; Lee, S.; Hong, Y. Distortion-Free Stretchable Light-Emitting Diodes via Imperceptible Microwrinkles. Adv. Mater. Technol. 2020, 5, 2000231. [Google Scholar] [CrossRef]

	



Koo, J.H.; Kim, D.C.; Shim, H.J.; Kim, T.-H.; Kim, D.-H. Flexible and Stretchable Smart Display: Materials, Fabrication, Device Design, and System Integration. Adv. Funct. Mater. 2018, 28, 1801834. [Google Scholar] [CrossRef]

	



Li, S.; Peele, B.N.; Larson, C.M.; Zhao, H.; Shepherd, R.F. A Stretchable Multicolor Display and Touch Interface Using Photopatterning and Transfer Printing. Adv. Mater. 2016, 28, 9770–9775. [Google Scholar] [CrossRef]

	



Stauffer, F.; Tybrandt, K. Bright Stretchable Alternating Current Electroluminescent Displays Based on High Permittivity Composites. Adv. Mater. 2016, 28, 7200–7203. [Google Scholar] [CrossRef]

	



Wu, Y.; Mechael, S.S.; Lerma, C.; Carmichael, R.S.; Carmichael, T.B. Stretchable Ultrasheer Fabrics as Semitransparent Electrodes for Wearable Light-Emitting e-Textiles with Changeable Display Patterns. Matter 2020, 2, 882–895. [Google Scholar] [CrossRef]

	



Zhou, Y.; Zhao, C.; Wang, J.; Li, Y.; Li, C.; Zhu, H.; Feng, S.; Cao, S.; Kong, D. Stretchable High-Permittivity Nanocomposites for Epidermal Alternating-Current Electroluminescent Displays. ACS Mater. Lett. 2019, 1, 511–518. [Google Scholar] [CrossRef]

	



He, Z.; Wang, L.; Liu, G.-S.; Xu, Y.; Qiu, Z.; Zhong, M.; Li, X.; Gui, X.; Lin, Y.-S.; Qin, Z.; et al. Constructing Electrophoretic Displays on Foldable Paper-Based Electrodes by a Facile Transferring Method. ACS Appl. Electron. Mater. 2020, 2, 1335–1342. [Google Scholar] [CrossRef]

	



Kim, J.; Shim, H.J.; Yang, J.; Choi, M.K.; Kim, D.C.; Kim, J.; Hyeon, T.; Kim, D.H. Ultrathin Quantum Dot Display Integrated with Wearable Electronics. Adv. Mater. 2017, 29, 1700217. [Google Scholar] [CrossRef]

	



Pierre, A.; Sadeghi, M.; Payne, M.M.; Facchetti, A.; Anthony, J.E.; Arias, A.C. All-printed flexible organic transistors enabled by surface tension-guided blade coating. Adv. Mater. 2014, 26, 5722–5727. [Google Scholar] [CrossRef]

	



Lee, K.J.; Motala, M.J.; Meitl, M.A.; Childs, W.R.; Menard, E.; Shim, A.K.; Rogers, J.A.; Nuzzo, R.G. Large-Area, Selective Transfer of Microstructured Silicon: A Printing- Based Approach to High-Performance Thin-Film Transistors Supported on Flexible Substrates. Adv. Mater. 2005, 17, 2332–2336. [Google Scholar] [CrossRef]

	



Peng, B.; Ji, X.; Jiao, X.; Chu, M.; Liu, J.; Li, Y.; Chen, M.; Zhou, Z.; Zhang, C.; Miao, Q.; et al. A Transfer Method for High-Mobility, Bias-Stable, and Flexible Organic Field-Effect Transistors. Adv. Mater. Technol. 2020, 5, 2000169. [Google Scholar] [CrossRef]

	



Chang, T.C.; Tsao, Y.C.; Chen, P.H.; Tai, M.C.; Huang, S.P.; Su, W.C.; Chen, G.F. Flexible low-temperature polycrystalline silicon thin-film transistors. Mater. Today Adv. 2020, 5, 100040. [Google Scholar] [CrossRef]

	



Hanna, A.N.; Kutbee, A.T.; Subedi, R.C.; Ooi, B.; Hussain, M.M. Wavy Architecture Thin-Film Transistor for Ultrahigh Resolution Flexible Displays. Small 2018, 14, 1703200. [Google Scholar] [CrossRef]

	



Rojas, J.P.; Torres Sevilla, G.A.; Alfaraj, N.; Ghoneim, M.T.; Kutbee, A.T.; Sridharan, A.; Hussain, M.M. Nonplanar Nanoscale Fin Field Effect Transistors on Textile, Paper, Wood, Stone, and Vinyl via Soft Material-Enabled Double-Transfer Printing. ACS Nano 2015, 9, 5255–5263. [Google Scholar] [CrossRef] [PubMed]

	



Seo, J.H.; Zhang, K.; Kim, M.; Zhao, D.; Yang, H.; Zhou, W.; Ma, Z. Flexible Phototransistors Based on Single-Crystalline Silicon Nanomembranes. Adv. Opt. Mater. 2015, 4, 120–125. [Google Scholar] [CrossRef]

	



Lee, C.H.; Kim, D.R.; Zheng, X. Transfer Printing Methods for Flexible Thin Film Solar Cells: Basic Concepts and Working Principles. ACS Nano 2014, 8, 8746–8756. [Google Scholar] [CrossRef]

	



Liu, J.; Zhang, L.; Wang, N.; Li, C. Highly stretchable and transparent triboelectric nanogenerator based on multilayer structured stable electrode for self-powered wearable sensor. Nano Energy 2020, 78, 105385. [Google Scholar] [CrossRef]

	



Kang, D.Y.; Kim, Y.S.; Ornelas, G.; Sinha, M.; Naidu, K.; Coleman, T.P. Scalable Microfabrication Procedures for Adhesive-Integrated Flexible and Stretchable Electronic Sensors. Sensors 2015, 15, 23459–23476. [Google Scholar] [CrossRef]

	



Kim, H.; Kim, Y.S.; Mahmood, M.; Kwon, S.; Zavanelli, N.; Kim, H.S.; Rim, Y.S.; Epps, F.; Yeo, W.H. Fully Integrated, Stretchable, Wireless Skin-Conformal Bioelectronics for Continuous Stress Monitoring in Daily Life. Adv. Sci. 2020, 7, 2000810. [Google Scholar] [CrossRef]

	



Kim, Y.S.; Mahmood, M.; Kwon, S.; Maher, K.; Kang, J.W.; Yeo, W.H. Wireless, Skin-Like Membrane Electronics With Multifunctional Ergonomic Sensors for Enhanced Pediatric Care. IEEE Trans. Biomed. Eng. 2020, 67, 2159–2165. [Google Scholar] [CrossRef] [PubMed]

	



Pan, J.; Jiang, C.; Zhang, Z.; Zhang, L.; Wang, X.; Tong, L. Flexible Liquid-Filled Fiber Adapter Enabled Wearable Optical Sensors. Adv. Mater. Technol. 2020, 5, 2000079. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Park, K.-I.; Huh, C.; Koo, M.; Yoo, H.G.; Kim, S.; Ah, C.S.; Sung, G.Y.; Lee, K.J. Water-resistant flexible GaN LED on a liquid crystal polymer substrate for implantable biomedical applications. Nano Energy 2012, 1, 145–151. [Google Scholar] [CrossRef]

	



Kim, Y.S.; Lu, J.; Shih, B.; Gharibans, A.; Zou, Z.; Matsuno, K.; Aguilera, R.; Han, Y.; Meek, A.; Xiao, J.; et al. Scalable Manufacturing of Solderable and Stretchable Physiologic Sensing Systems. Adv. Mater. 2017, 29, 1701312. [Google Scholar] [CrossRef]

	



Mahmood, M.; Kwon, S.; Berkmen, G.K.; Kim, Y.S.; Scorr, L.; Jinnah, H.A.; Yeo, W.H. Soft Nanomembrane Sensors and Flexible Hybrid Bioelectronics for Wireless Quantification of Blepharospasm. IEEE Trans. Biomed. Eng. 2020, 67, 3094–3100. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, Y.T.; Kim, H.; Mahmood, M.; Kim, Y.S.; Demolder, C.; Yeo, W.H. Printed, Wireless, Soft Bioelectronics and Deep Learning Algorithm for Smart Human-Machine Interfaces. ACS Appl. Mater. Interfaces 2020, 12, 49398–49406. [Google Scholar] [CrossRef]

	



Kwon, Y.T.; Kim, Y.S.; Kwon, S.; Mahmood, M.; Lim, H.R.; Park, S.W.; Kang, S.O.; Choi, J.J.; Herbert, R.; Jang, Y.C.; et al. All-printed nanomembrane wireless bioelectronics using a biocompatible solderable graphene for multimodal human-machine interfaces. Nat. Commun. 2020, 11, 3450. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H.; Kim, H.; Hwang, J.Y.; Chung, J.; Jang, T.M.; Seo, D.G.; Gao, Y.; Lee, J.; Park, H.; Lee, S.; et al. 3D Printed, Customizable, and Multifunctional Smart Electronic Eyeglasses for Wearable Healthcare Systems and Human-Machine Interfaces. ACS Appl. Mater. Interfaces 2020, 12, 21424–21432. [Google Scholar] [CrossRef]

	



Lee, Y.; Howe, C.; Mishra, S.; Lee, D.S.; Mahmood, M.; Piper, M.; Kim, Y.; Tieu, K.; Byun, H.S.; Coffey, J.P.; et al. Wireless, intraoral hybrid electronics for real-time quantification of sodium intake toward hypertension management. Proc. Natl. Acad. Sci. USA 2018, 115, 5377–5382. [Google Scholar] [CrossRef] [PubMed]

	



Mahmood, M.; Mzurikwao, D.; Kim, Y.-S.; Lee, Y.; Mishra, S.; Herbert, R.; Duarte, A.; Ang, C.S.; Yeo, W.-H. Fully portable and wireless universal brain–machine interfaces enabled by flexible scalp electronics and deep learning algorithm. Nat. Mach. Intell. 2019, 1, 412–422. [Google Scholar] [CrossRef]

	



Kang, D.; Gai, B.; Thompson, B.; Lee, S.-M.; Malmstadt, N.; Yoon, J. Flexible Opto-Fluidic Fluorescence Sensors Based on Heterogeneously Integrated Micro-VCSELs and Silicon Photodiodes. ACS Photonics 2016, 3, 912–918. [Google Scholar] [CrossRef]

	



Rae, B.R.; Griffin, C.; McKendry, J.; Girkin, J.M.; Zhang, H.X.; Gu, E.; Renshaw, D.; Charbon, E.; Dawson, M.D.; Henderson, R.K. CMOS driven micro-pixel LEDs integrated with single photon avalanche diodes for time resolved fluorescence measurements. J. Phys. D Appl. Phys. 2008, 41, 094011. [Google Scholar] [CrossRef]

	



Zhang, L.; Ou, F.; Chong, W.C.; Chen, Y.; Li, Q. Wafer-scale monolithic hybrid integration of Si-based IC and III-V epi-layers-A mass manufacturable approach for active matrix micro-LED micro-displays. J. Soc. Inf. Disp. 2018, 26, 137–145. [Google Scholar] [CrossRef]

	



Hashiguchi, H.; Fukushima, T.; Hashimoto, H.; Bea, J.-C.; Murugesan, M.; Kino, H.; Tanaka, T.; Koyanagi, M. Self-Assembly and Electrostatic Carrier Technology for Via-Last TSV Formation Using Transfer Stacking-Based Chip-to-Wafer 3-D Integration. IEEE Trans. Electron Devices 2017, 64, 5065–5072. [Google Scholar] [CrossRef]

	



Fukushima, T.; Bea, J.; Kino, H.; Nagai, C.; Murugesan, M.; Hashiguchi, H.; Lee, K.-W.; Tanaka, T.; Koyanagi, M. Reconfigured-Wafer-to-Wafer 3-D Integration Using Parallel Self-Assembly of Chips With Cu–SnAg Microbumps and a Nonconductive Film. IEEE Trans. Electron Devices 2014, 61, 533–539. [Google Scholar] [CrossRef]

	



Xu, K.; Wang, J.-F.; Ren, G.-Q. Progress in bulk GaN growth. Chin. Phys. B 2015, 24, 066105. [Google Scholar] [CrossRef]

	



Wang, Q.; Liu, Y.; Sun, Y.; Tong, Y.; Zhang, G. Fabrication of extremely thermal-stable GaN template on Mo substrate using double bonding and step annealing process. J. Semicond. 2016, 37, 083001. [Google Scholar] [CrossRef]

	



Seo, J.-H.; Li, J.; Lee, J.; Gong, S.; Lin, J.; Jiang, H.; Ma, Z. A Simplified Method of Making Flexible Blue LEDs on a Plastic Substrate. IEEE Photonics J. 2015, 7, 1–7. [Google Scholar] [CrossRef]

	



Miskys, C.R.; Kelly, M.K.; Ambacher, O.; Stutzmann, M. Freestanding GaN-substrates and devices. Phys. Status Solidi 2003, 1627–1650. [Google Scholar] [CrossRef]

	



Delmdahl, R.; Pätzel, R.; Brune, J. Large-Area Laser-Lift-Off Processing in Microelectronics. Phys. Procedia 2013, 41, 241–248. [Google Scholar] [CrossRef]

	



Kelly, M.K.; Vaudo, R.P.; Phanse, V.M.; Görgens, L.; Ambacher, O.; Stutzmann, M. Large Free-Standing GaN Substrates by Hydride Vapor Phase Epitaxy and Laser-Induced Liftoff. Jpn. J. Appl. Phys. 1999, 38, L217–L219. [Google Scholar] [CrossRef]

	



Park, S.S.; Park, I.-W.; Choh, S.H. Free-Standing GaN Substrates by Hydride Vapor Phase Epitaxy. Jpn. J. Appl. Phys. 2000, 39, L1141–L1142. [Google Scholar] [CrossRef]

	



Ueda, T.; Ishida, M.; Yuri, M. Separation of Thin GaN from Sapphire by Laser Lift-Off Technique. Jpn. J. Appl. Phys. 2011, 50, 041001. [Google Scholar] [CrossRef]

	



Kim, K.; Kim, S.Y.; Lee, J.-L. Flexible organic light-emitting diodes using a laser lift-off method. J. Mater. Chem. C 2014, 2, 2144. [Google Scholar] [CrossRef]

	



Tian, Z.; Li, Y.; Su, X.; Feng, L.; Wang, S.; Ding, W.; Li, Q.; Zhang, Y.; Guo, M.; Yun, F.; et al. Super flexible GaN light emitting diodes using microscale pyramid arrays through laser lift-off and dual transfer. Opt. Express 2018, 26, 1817–1824. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.J.; Lee, H.E.; Choi, H.; Kim, Y.; We, J.H.; Shin, J.S.; Lee, K.J.; Cho, B.J. High-Performance Flexible Thermoelectric Power Generator Using Laser Multiscanning Lift-Off Process. ACS Nano 2016, 10, 10851–10857. [Google Scholar] [CrossRef] [PubMed]

	



Chung, K.; Lee, C.H.; Yi, G.C. Transferable GaN layers grown on ZnO-coated graphene layers for optoelectronic devices. Science 2010, 330, 655–657. [Google Scholar] [CrossRef]

	



Lin, Y.M.; Dimitrakopoulos, C.; Jenkins, K.A.; Farmer, D.B.; Chiu, H.Y.; Grill, A.; Avouris, P. 100-GHz transistors from wafer-scale epitaxial graphene. Science 2010, 327, 662. [Google Scholar] [CrossRef] [PubMed]

	



Chung, K.; In Park, S.; Baek, H.; Chung, J.-S.; Yi, G.-C. High-quality GaN films grown on chemical vapor-deposited graphene films. NPG Asia Mater. 2012, 4, e24. [Google Scholar] [CrossRef]

	



Kobayashi, Y.; Kumakura, K.; Akasaka, T.; Makimoto, T. Layered boron nitride as a release layer for mechanical transfer of GaN-based devices. Nature 2012, 484, 223–227. [Google Scholar] [CrossRef] [PubMed]

	



Makimoto, T.; Kumakura, K.; Kobayashi, Y.; Akasaka, T.; Yamamoto, H. A Vertical InGaN/GaN Light-Emitting Diode Fabricated on a Flexible Substrate by a Mechanical Transfer Method Using BN. Appl. Phys. Express 2012, 5, 072102. [Google Scholar] [CrossRef]

	



Nepal, N.; Wheeler, V.D.; Anderson, T.J.; Kub, F.J.; Mastro, M.A.; Myers-Ward, R.L.; Qadri, S.B.; Freitas, J.A.; Hernandez, S.C.; Nyakiti, L.O.; et al. Epitaxial Growth of III–Nitride/Graphene Heterostructures for Electronic Devices. Appl. Phys. Express 2013, 6, 061003. [Google Scholar] [CrossRef]

	



Chung, K.; Beak, H.; Tchoe, Y.; Oh, H.; Yoo, H.; Kim, M.; Yi, G.-C. Growth and characterizations of GaN micro-rods on graphene films for flexible light emitting diodes. APL Mater. 2014, 2, 092512. [Google Scholar] [CrossRef]

	



Ayari, T.; Sundaram, S.; Li, X.; El Gmili, Y.; Voss, P.L.; Salvestrini, J.P.; Ougazzaden, A. Wafer-scale controlled exfoliation of metal organic vapor phase epitaxy grown InGaN/GaN multi quantum well structures using low-tack two-dimensional layered h-BN. Appl. Phys. Lett. 2016, 108, 171106. [Google Scholar] [CrossRef]

	



Chung, K.; Yoo, H.; Hyun, J.K.; Oh, H.; Tchoe, Y.; Lee, K.; Baek, H.; Kim, M.; Yi, G.C. Flexible GaN Light-Emitting Diodes Using GaN Microdisks Epitaxial Laterally Overgrown on Graphene Dots. Adv. Mater. 2016, 28, 7688–7694. [Google Scholar] [CrossRef]

	



Wu, C.; Soomro, A.M.; Sun, F.; Wang, H.; Huang, Y.; Wu, J.; Liu, C.; Yang, X.; Gao, N.; Chen, X.; et al. Large-roll growth of 25-inch hexagonal BN monolayer film for self-release buffer layer of free-standing GaN wafer. Sci. Rep. 2016, 6, 34766. [Google Scholar] [CrossRef]

	



Kim, Y.; Cruz, S.S.; Lee, K.; Alawode, B.O.; Choi, C.; Song, Y.; Johnson, J.M.; Heidelberger, C.; Kong, W.; Choi, S.; et al. Remote epitaxy through graphene enables two-dimensional material-based layer transfer. Nature 2017, 544, 340–343. [Google Scholar] [CrossRef]

	



Chen, Z.; Zhang, X.; Dou, Z.; Wei, T.; Liu, Z.; Qi, Y.; Ci, H.; Wang, Y.; Li, Y.; Chang, H.; et al. High-Brightness Blue Light-Emitting Diodes Enabled by a Directly Grown Graphene Buffer Layer. Adv. Mater. 2018, 30, e1801608. [Google Scholar] [CrossRef] [PubMed]

	



Chang, H.; Chen, Z.; Li, W.; Yan, J.; Hou, R.; Yang, S.; Liu, Z.; Yuan, G.; Wang, J.; Li, J.; et al. Graphene-assisted quasi-van der Waals epitaxy of AlN film for ultraviolet light emitting diodes on nano-patterned sapphire substrate. Appl. Phys. Lett. 2019, 114, 091107. [Google Scholar] [CrossRef]

	



Ci, H.; Chang, H.; Wang, R.; Wei, T.; Wang, Y.; Chen, Z.; Sun, Y.; Dou, Z.; Liu, Z.; Li, J.; et al. Enhancement of Heat Dissipation in Ultraviolet Light-Emitting Diodes by a Vertically Oriented Graphene Nanowall Buffer Layer. Adv. Mater. 2019, 31, e1901624. [Google Scholar] [CrossRef] [PubMed]

	



Jia, Y.; Ning, J.; Zhang, J.; Yan, C.; Wang, B.; Zhang, Y.; Zhu, J.; Shen, X.; Dong, J.; Wang, D.; et al. Transferable GaN Enabled by Selective Nucleation of AlN on Graphene for High-Brightness Violet Light-Emitting Diodes. Adv. Opt. Mater. 2019, 8, 1901632. [Google Scholar] [CrossRef]

	



Liu, F.; Zhang, Z.; Rong, X.; Yu, Y.; Wang, T.; Sheng, B.; Wei, J.; Zhou, S.; Yang, X.; Xu, F.; et al. Graphene-Assisted Epitaxy of Nitrogen Lattice Polarity GaN Films on Non-Polar Sapphire Substrates for Green Light Emitting Diodes. Adv. Funct. Mater. 2020, 30, 2001283. [Google Scholar] [CrossRef]

	



Yu, J.; Wang, L.; Hao, Z.; Luo, Y.; Sun, C.; Wang, J.; Han, Y.; Xiong, B.; Li, H. Van der Waals Epitaxy of III-Nitride Semiconductors Based on 2D Materials for Flexible Applications. Adv. Mater. 2020, 32, e1903407. [Google Scholar] [CrossRef]

	



Lee, C.H.; Kim, D.R.; Cho, I.S.; William, N.; Wang, Q.; Zheng, X. Peel-and-stick: Fabricating thin film solar cell on universal substrates. Sci. Rep. 2012, 2, 1000. [Google Scholar] [CrossRef]

	



Lee, C.H.; Kim, J.H.; Zou, C.; Cho, I.S.; Weisse, J.M.; Nemeth, W.; Wang, Q.; van Duin, A.C.; Kim, T.S.; Zheng, X. Peel-and-stick: Mechanism study for efficient fabrication of flexible/transparent thin-film electronics. Sci. Rep. 2013, 3, 2917. [Google Scholar] [CrossRef]

	



Wie, D.S.; Zhang, Y.; Kim, M.K.; Kim, B.; Park, S.; Kim, Y.J.; Irazoqui, P.P.; Zheng, X.; Xu, B.; Lee, C.H. Wafer-recyclable, environment-friendly transfer printing for large-scale thin-film nanoelectronics. Proc. Natl. Acad. Sci. USA 2018, 115, E7236–E7244. [Google Scholar] [CrossRef]

	



Dadwal, U.; Scholz, R.; Reiche, M.; Kumar, P.; Chandra, S.; Singh, R. Effect of implantation temperature on the blistering behavior of hydrogen implanted GaN. Appl. Phys. A 2012, 112, 451–456. [Google Scholar] [CrossRef]

	



Iwinska, M.; Amilusik, M.; Fijalkowski, M.; Sochacki, T.; Lucznik, B.; Grzanka, E.; Litwin-Staszewska, E.; Weyher, J.L.; Nowakowska-Siwinska, A.; Muziol, G.; et al. HVPE-GaN growth on GaN-based Advanced Substrates by Smart Cut™. J. Cryst. Growth 2016, 456, 73–79. [Google Scholar] [CrossRef]

	



Huang, K.; Jia, Q.; You, T.; Zhang, R.; Lin, J.; Zhang, S.; Zhou, M.; Zhang, B.; Yu, W.; Ou, X.; et al. Investigation on thermodynamics of ion-slicing of GaN and heterogeneously integrating high-quality GaN films on CMOS compatible Si(100) substrates. Sci. Rep. 2017, 7, 15017. [Google Scholar] [CrossRef]

	



Min Lee, S.; Hwan Yum, J.; Larsen, E.S.; Chul Lee, W.; Keun Kim, S.; Bielawski, C.W.; Oh, J. Advanced Silicon-on-Insulator: Crystalline Silicon on Atomic Layer Deposited Beryllium Oxide. Sci. Rep. 2017, 7, 13205. [Google Scholar] [CrossRef]

	



Nguyen, B.-Y.; Mazuré, C.; Celler, G. Substrate Engineering for 32nm and Beyond. ECS Trans. 2019, 22, 91–98. [Google Scholar] [CrossRef]

	



Roelkens, G.; Van Campenhout, J.; Brouckaert, J.; Van Thourhout, D.; Baets, R.; Romeo, P.R.; Regreny, P.; Kazmierczak, A.; Seassal, C.; Letartre, X.; et al. III-V/Si photonics by die-to-wafer bonding. Mater. Today 2007, 10, 36–43. [Google Scholar] [CrossRef]

	



Singh, A.; Horsley, D.A.; Cohn, M.B.; Pisano, A.P.; Howe, R.T. Batch transfer of microstructures using flip-chip solder bonding. J. Microelectromech. Syst. 1999, 8, 27–33. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Choi, K.K.; Jeong, H.-H.; Choi, H.S.; Oh, T.-H.; Song, J.O.; Seong, T.-Y. Wafer-level fabrication of GaN-based vertical light-emitting diodes using a multi-functional bonding material system. Semicond. Sci. Technol. 2009, 24, 092001. [Google Scholar] [CrossRef]

	



Ezhilarasu, G.; Paranjpe, A.; Lee, J.; Wei, F.; Iyer, S.S. A Heterogeneously Integrated, High Resolution and Flexible Inorganic μLED Display using Fan-Out Wafer-Level Packaging. In Proceedings of the 2020 IEEE 70th Electronic Components and Technology Conference (ECTC), Orlando, FL, USA, 3–30 June 2020; pp. 677–684. [Google Scholar]

	



Jung, D.; Lee, T.; Lee, J.; Kim, J.; Kim, J.; Lim, H. Selective Transfer of Light-Emitting Diodes onto a Flexible Substrate via Laser Lissajous Scanning. ACS Omega 2020, 5, 27749–27755. [Google Scholar] [CrossRef] [PubMed]

	



Jaeyi, C.; Youngkyu, H.; Yong-Seok, C.; Tak, J.; Jong Hyeob, B.; Heung Cho, K.; Seong-Ju, P. Transfer of GaN LEDs from Sapphire to Flexible Substrates by Laser Lift-Off and Contact Printing. IEEE Photonics Technol. Lett. 2012, 24, 2115–2118. [Google Scholar] [CrossRef]

	



Choi, W.-S.; Park, H.J.; Park, S.-H.; Jeong, T. Flexible InGaN LEDs on a Polyimide Substrate Fabricated Using a Simple Direct-Transfer Method. IEEE Photonics Technol. Lett. 2014, 26, 2115–2117. [Google Scholar] [CrossRef]

	



Goßler, C.; Bierbrauer, C.; Moser, R.; Kunzer, M.; Holc, K.; Pletschen, W.; Köhler, K.; Wagner, J.; Schwaerzle, M.; Ruther, P.; et al. GaN-based micro-LED arrays on flexible substrates for optical cochlear implants. J. Phys. D Appl. Phys. 2014, 47, 205401. [Google Scholar] [CrossRef]

	



Horng, R.H.; Tien, C.H.; Chuang, S.H.; Liu, K.C.; Wuu, D.S. External stress effects on the optical and electrical properties of flexible InGaN-based green light-emitting diodes. Opt. Express 2015, 23, 31334–31341. [Google Scholar] [CrossRef]

	



Cheung, Y.F.; Li, K.H.; Choi, H.W. Flexible Free-Standing III-Nitride Thin Films for Emitters and Displays. ACS Appl. Mater. Interfaces 2016, 8, 21440–21445. [Google Scholar] [CrossRef]

	



Marinov, V.; Swenson, O.; Miller, R.; Sarwar, F.; Atanasov, Y.; Semler, M.; Datta, S. Laser-Enabled Advanced Packaging of Ultrathin Bare Dice in Flexible Substrates. IEEE Trans. Compon. Packag. Manuf. Technol. 2012, 2, 569–577. [Google Scholar] [CrossRef]

	



Marinov, V.R.; Swenson, O.; Atanasov, Y.; Schneck, N. Laser-assisted ultrathin die packaging: Insights from a process study. Microelectron. Eng. 2013, 101, 23–30. [Google Scholar] [CrossRef]

	



Klotzbach, U.; Marinov, V.R.; Swenson, O.; Atanasov, Y.; Schneck, N.; Lu, Y.; Washio, K. Laser-assisted ultrathin bare die packaging: A route to a new class of microelectronic devices. Proceedings of Laser-based Micro and Nanopackaging and Assembly VII, San Francisco, CA, USA, 15 March 2013; p. 86080L. [Google Scholar] [CrossRef]

	



Marinov, V.R. 52–4: Laser-Enabled Extremely-High Rate Technology for µLED Assembly. SID Symp. Dig. Tech. Pap. 2018, 49, 692–695. [Google Scholar] [CrossRef]

	



Meitl, M.A.; Zhu, Z.-T.; Kumar, V.; Lee, K.J.; Feng, X.; Huang, Y.Y.; Adesida, I.; Nuzzo, R.G.; Rogers, J.A. Transfer printing by kinetic control of adhesion to an elastomeric stamp. Nat. Mater. 2005, 5, 33–38. [Google Scholar] [CrossRef]

	



Onoe, H.; Iwase, E.; Matsumoto, K.; Shimoyama, I. Three-dimensional integration of heterogeneous silicon micro-structures by liftoff and stamping transfer. J. Micromech. MicroEng. 2007, 17, 1818–1827. [Google Scholar] [CrossRef]

	



Jin, H.; Sturm, J.C. Super-high-resolution transfer printing for full-color OLED display patterning. J. Soc. Inf. Disp. 2010, 18, 141. [Google Scholar] [CrossRef]

	



Kim, S.; Wu, J.; Carlson, A.; Jin, S.H.; Kovalsky, A.; Glass, P.; Liu, Z.; Ahmed, N.; Elgan, S.L.; Chen, W.; et al. Microstructured elastomeric surfaces with reversible adhesion and examples of their use in deterministic assembly by transfer printing. Proc. Natl. Acad. Sci. USA 2010, 107, 17095–17100. [Google Scholar] [CrossRef]

	



Lee, C.H.; Kim, D.R.; Zheng, X. Fabricating nanowire devices on diverse substrates by simple transfer-printing methods. Proc. Natl. Acad. Sci. USA 2010, 107, 9950–9955. [Google Scholar] [CrossRef]

	



Kim, T.-H.; Cho, K.-S.; Lee, E.K.; Lee, S.J.; Chae, J.; Kim, J.W.; Kim, D.H.; Kwon, J.-Y.; Amaratunga, G.; Lee, S.Y.; et al. Full-colour quantum dot displays fabricated by transfer printing. Nat. Photonics 2011, 5, 176–182. [Google Scholar] [CrossRef]

	



Carlson, A.; Wang, S.; Elvikis, P.; Ferreira, P.M.; Huang, Y.; Rogers, J.A. Active, Programmable Elastomeric Surfaces with Tunable Adhesion for Deterministic Assembly by Transfer Printing. Adv. Funct. Mater. 2012, 22, 4476–4484. [Google Scholar] [CrossRef]

	



Yang, H.; Zhao, D.; Chuwongin, S.; Seo, J.-H.; Yang, W.; Shuai, Y.; Berggren, J.; Hammar, M.; Ma, Z.; Zhou, W. Transfer-printed stacked nanomembrane lasers on silicon. Nat. Photonics 2012, 6, 615–620. [Google Scholar] [CrossRef]

	



Sariola, V.; Sitti, M. Mechanically Switchable Elastomeric Microfibrillar Adhesive Surfaces for Transfer Printing. Adv. Mater. Interfaces 2014, 1, 1300159. [Google Scholar] [CrossRef]

	



He, J.; Nuzzo, R.G.; Rogers, J.A. Inorganic Materials and Assembly Techniques for Flexible and Stretchable Electronics. Proc. IEEE 2015, 103, 619–632. [Google Scholar] [CrossRef]

	



Li, L.; Bayn, I.; Lu, M.; Nam, C.Y.; Schroder, T.; Stein, A.; Harris, N.C.; Englund, D. Nanofabrication on unconventional substrates using transferred hard masks. Sci. Rep. 2015, 5, 7802. [Google Scholar] [CrossRef]

	



Sheng, X.; Robert, C.; Wang, S.; Pakeltis, G.; Corbett, B.; Rogers, J.A. Transfer printing of fully formed thin-film microscale GaAs lasers on silicon with a thermally conductive interface material. Laser Photonics Rev. 2015, 9, L17–L22. [Google Scholar] [CrossRef]

	



Sim, K.; Chen, S.; Li, Y.; Kammoun, M.; Peng, Y.; Xu, M.; Gao, Y.; Song, J.; Zhang, Y.; Ardebili, H.; et al. High Fidelity Tape Transfer Printing Based On Chemically Induced Adhesive Strength Modulation. Sci. Rep. 2015, 5, 16133. [Google Scholar] [CrossRef]

	



De Groote, A.; Cardile, P.; Subramanian, A.Z.; Fecioru, A.M.; Bower, C.; Delbeke, D.; Baets, R.; Roelkens, G. Transfer-printing-based integration of single-mode waveguide-coupled III-V-on-silicon broadband light emitters. Opt. Express 2016, 24, 13754–13762. [Google Scholar] [CrossRef]

	



Kim, J.; Hwang, J.; Song, K.; Kim, N.; Shin, J.C.; Lee, J. Ultra-thin flexible GaAs photovoltaics in vertical forms printed on metal surfaces without interlayer adhesives. Appl. Phys. Lett. 2016, 108, 253101. [Google Scholar] [CrossRef]

	



Zhang, H.; Rogers, J.A. Recent Advances in Flexible Inorganic Light Emitting Diodes: From Materials Design to Integrated Optoelectronic Platforms. Adv. Opt. Mater. 2019, 7, 1800936. [Google Scholar] [CrossRef]

	



Yang, Y.; Hwang, Y.; Cho, H.A.; Song, J.H.; Park, S.J.; Rogers, J.A.; Ko, H.C. Arrays of silicon micro/nanostructures formed in suspended configurations for deterministic assembly using flat and roller-type stamps. Small 2011, 7, 484–491. [Google Scholar] [CrossRef]

	



Feng, X.; Meitl, M.A.; Bowen, A.M.; Huang, Y.; Nuzzo, R.G.; Rogers, J.A. Competing Fracture in Kinetically Controlled Transfer Printing. Langmuir 2007, 23, 12555–12560. [Google Scholar] [CrossRef]

	



Ahn, J.H.; Kim, H.S.; Lee, K.J.; Jeon, S.; Kang, S.J.; Sun, Y.; Nuzzo, R.G.; Rogers, J.A. Heterogeneous three-dimensional electronics by use of printed semiconductor nanomaterials. Science 2006, 314, 1754–1757. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Kim, H.S.; Menard, E.; Kim, S.; Adesida, I.; Rogers, J.A. Printed arrays of aligned GaAs wires for flexible transistors, diodes, and circuits on plastic substrates. Small 2006, 2, 1330–1334. [Google Scholar] [CrossRef]

	



Park, S.I.; Xiong, Y.; Kim, R.H.; Elvikis, P.; Meitl, M.; Kim, D.H.; Wu, J.; Yoon, J.; Yu, C.J.; Liu, Z.; et al. Printed assemblies of inorganic light-emitting diodes for deformable and semitransparent displays. Science 2009, 325, 977–981. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Wu, Y.; Li, Z.; Zhang, Y.; Peng, Y.; Chen, D.; Zhu, W.; Xu, S.; Zhang, C.; Hao, Y. High-performance Acetone Soluble Tape Transfer Printing Method for Heterogeneous Integration. Sci. Rep. 2019, 9, 15769. [Google Scholar] [CrossRef]

	



Kim, J.-Y.; Cho, Y.-H.; Park, H.-S.; Ryou, J.-H.; Kwon, M.-K. Mass Transfer of Microscale Light-Emitting Diodes to Unusual Substrates by Spontaneously Formed Vertical Tethers During Chemical Lift-Off. Appl. Sci. 2019, 9, 4243. [Google Scholar] [CrossRef]

	



Song, S.; Drotlef, D.M.; Majidi, C.; Sitti, M. Controllable load sharing for soft adhesive interfaces on three-dimensional surfaces. Proc. Natl. Acad. Sci. USA 2017, 114, E4344–E4353. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Zheng, N.; Cheng, Z.; Chen, Y.; Lu, B.; Xie, T.; Feng, X. Direct Laser Writing-Based Programmable Transfer Printing via Bioinspired Shape Memory Reversible Adhesive. ACS Appl. Mater. Interfaces 2016, 8, 35628–35633. [Google Scholar] [CrossRef]

	



Linghu, C.; Zhang, S.; Wang, C.; Yu, K.; Li, C.; Zeng, Y.; Zhu, H.; Jin, X.; You, Z.; Song, J. Universal SMP gripper with massive and selective capabilities for multiscaled, arbitrarily shaped objects. Sci. Adv. 2020, 6, eaay5120. [Google Scholar] [CrossRef]

	



Sameoto, D.; Menon, C. Deep UV patterning of acrylic masters for molding biomimetic dry adhesives. J. Micromech. MicroEng. 2010, 20, 115037. [Google Scholar] [CrossRef]

	



Seo, S.; Lee, J.; Kim, K.S.; Ko, K.H.; Lee, J.H.; Lee, J. Anisotropic adhesion of micropillars with spatula pads. ACS Appl. Mater. Interfaces 2014, 6, 1345–1350. [Google Scholar] [CrossRef]

	



Kim, S.; Sitti, M. Biologically inspired polymer microfibers with spatulate tips as repeatable fibrillar adhesives. Appl. Phys. Lett. 2006, 89, 261911. [Google Scholar] [CrossRef]

	



Song, S.; Sitti, M. Soft grippers using micro-fibrillar adhesives for transfer printing. Adv. Mater. 2014, 26, 4901–4906. [Google Scholar] [CrossRef]

	



Sameoto, D.; Menon, C. A low-cost, high-yield fabrication method for producing optimized biomimetic dry adhesives. J. Micromech. MicroEng. 2009, 19, 115002. [Google Scholar] [CrossRef]

	



Saeidpourazar, R.; Li, R.; Li, Y.; Sangid, M.D.; Lu, C.; Huang, Y.; Rogers, J.A.; Ferreira, P.M. Laser-Driven Micro Transfer Placement of Prefabricated Microstructures. J. Microelectromech. Syst. 2012, 21, 1049–1058. [Google Scholar] [CrossRef]

	



Yoon, J.; Jo, S.; Chun, I.S.; Jung, I.; Kim, H.-S.; Meitl, M.; Menard, E.; Li, X.; Coleman, J.J.; Paik, U.; et al. GaAs photovoltaics and optoelectronics using releasable multilayer epitaxial assemblies. Nature 2010, 465, 329–333. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, J.; Jeong, Y.; Kim, H.; Yoo, S.; Jung, H.S.; Kim, Y.; Hwang, Y.; Hyun, Y.; Hong, W.K.; Lee, B.H.; et al. Robust and stretchable indium gallium zinc oxide-based electronic textiles formed by cilia-assisted transfer printing. Nat. Commun. 2016, 7, 11477. [Google Scholar] [CrossRef]

	



Ko, H.C.; Stoykovich, M.P.; Song, J.; Malyarchuk, V.; Choi, W.M.; Yu, C.J.; Geddes, J.B., 3rd; Xiao, J.; Wang, S.; Huang, Y.; et al. A hemispherical electronic eye camera based on compressible silicon optoelectronics. Nature 2008, 454, 748–753. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Kim, S.; Adesida, I.; Rogers, J.A. Bendable GaAs metal-semiconductor field-effect transistors formed with printed GaAs wire arrays on plastic substrates. Appl. Phys. Lett. 2005, 87. [Google Scholar] [CrossRef]

	



Keum, H.; Yang, Z.; Han, K.; Handler, D.E.; Nguyen, T.N.; Schutt-Aine, J.; Bahl, G.; Kim, S. Microassembly of Heterogeneous Materials using Transfer Printing and Thermal Processing. Sci. Rep. 2016, 6, 29925. [Google Scholar] [CrossRef]

	



Keum, H.; Carlson, A.; Ning, H.; Mihi, A.; Eisenhaure, J.D.; Braun, P.V.; Rogers, J.A.; Kim, S. Silicon micro-masonry using elastomeric stamps for three-dimensional microfabrication. J. Micromech. MicroEng. 2012, 22, 055018. [Google Scholar] [CrossRef]

	



Xiaorong, X.; Hanein, Y.; Jiandong, F.; Yanbing, W.; Weihua, W.; Schwartz, D.T.; Bohringer, K.F. Controlled multibatch self-assembly of microdevices. J. Microelectromech. Syst. 2003, 12, 117–127. [Google Scholar] [CrossRef]

	



Zheng, W.; Buhlmann, P.; Jacobs, H.O. Sequential shape-and-solder-directed self-assembly of functional microsystems. Proc. Natl. Acad. Sci. USA 2004, 101, 12814–12817. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, W.; Jacobs, H.O. Shape-and-solder-directed self-assembly to package semiconductor device segments. Appl. Phys. Lett. 2004, 85, 3635–3637. [Google Scholar] [CrossRef]

	



Zheng, W.; Chung, J.; Jacobs, H.O. Fluidic Heterogeneous Microsystems Assembly and Packaging. J. Microelectromech. Syst. 2006, 15, 864–870. [Google Scholar] [CrossRef]

	



Zheng, W.; Jacobs, H.O. Self-Assembly Process to Integrate and Connect Semiconductor Dies on Surfaces with Single-Angular Orientation and Contact-Pad Registration. Adv. Mater. 2006, 18, 1387–1392. [Google Scholar] [CrossRef]

	



Morris, C.J.; Parviz, B.A. Micro-scale metal contacts for capillary force-driven self-assembly. J. Micromech. MicroEng. 2008, 18. [Google Scholar] [CrossRef]

	



Saeedi, E.; Kim, S.; Parviz, B.A. Self-assembled crystalline semiconductor optoelectronics on glass and plastic. J. Micromech. MicroEng. 2008, 18. [Google Scholar] [CrossRef]

	



Mastrangeli, M.; Abbasi, S.; Varel, C.; Van Hoof, C.; Celis, J.P.; Bohringer, K.F. Self-assembly from milli- to nanoscales: Methods and applications. J. Micromech. Microeng. 2009, 19, 83001. [Google Scholar] [CrossRef]

	



Knuesel, R.J.; Jacobs, H.O. Self-assembly of microscopic chiplets at a liquid-liquid-solid interface forming a flexible segmented monocrystalline solar cell. Proc. Natl. Acad. Sci. USA 2010, 107, 993–998. [Google Scholar] [CrossRef]

	



Knuesel, R.J.; Jacobs, H.O. Self-tiling monocrystalline silicon; a process to produce electrically connected domains of Si and microconcentrator solar cell modules on plastic supports. Adv. Mater. 2011, 23, 2727–2733. [Google Scholar] [CrossRef] [PubMed]

	



Mastrangeli, M.; Zhou, Q.; Sariola, V.; Lambert, P. Surface tension-driven self-alignment. Soft Matter 2017, 13, 304–327. [Google Scholar] [CrossRef]

	



Fang, J.; Bohringer, K.F. Wafer-Level Packaging Based on Uniquely Orienting Self-Assembly (The DUO-SPASS Processes). J. Microelectromech. Syst. 2006, 15, 531–540. [Google Scholar] [CrossRef]

	



Jacobs, H.O.; Tao, A.R.; Schwartz, A.; Gracias, D.H.; Whitesides, G.M. Fabrication of a Cylindrical Display by Patterned Assembly. Science 2002, 296, 323. [Google Scholar] [CrossRef] [PubMed]

	



Bohringer, K.F.; Goldberg, K.; Cohn, M.; Howe, R.; Pisano, A. Parallel microassembly with electrostatic force fields. In Proceedings of the 1998 IEEE International Conference on Robotics and Automation (Cat. No.98CH36146), Leuven, Belgium, 20 May 1998; pp. 1204–1211. [Google Scholar]

	



Edman, C.F.; Swint, R.B.; Gurtner, C.; Formosa, R.E.; Roh, S.D.; Lee, K.E.; Swanson, P.D.; Ackley, D.E.; Coleman, J.J.; Heller, M.J. Electric field directed assembly of an InGaAs LED onto silicon circuitry. IEEE Photonics Technol. Lett. 2000, 12, 1198–1200. [Google Scholar] [CrossRef]

	



Asano, K.; Hatakeyama, F.; Yatsuzuka, K. Fundamental study of an electrostatic chuck for silicon wafer handling. IEEE Trans. Ind. Appl. 2002, 38, 840–845. [Google Scholar] [CrossRef]

	



Grzybowski, B.A.; Winkleman, A.; Wiles, J.A.; Brumer, Y.; Whitesides, G.M. Electrostatic self-assembly of macroscopic crystals using contact electrification. Nat. Mater. 2003, 2, 241–245. [Google Scholar] [CrossRef]

	



Monkman, G. Electroadhesive microgrippers. Ind. Robot. An Int. J. 2003, 30, 326–330. [Google Scholar] [CrossRef]

	



Hesselbach, J.; Wrege, J.; Raatz, A. Micro Handling Devices Supported by Electrostatic Forces. CIRP Ann. 2007, 56, 45–48. [Google Scholar] [CrossRef]

	



Lu, J.P.; Thompson, J.D.; Whiting, G.L.; Biegelsen, D.K.; Raychaudhuri, S.; Lujan, R.; Veres, J.; Lavery, L.L.; Völkel, A.R.; Chow, E.M. Open and closed loop manipulation of charged microchiplets in an electric field. Appl. Phys. Lett. 2014, 105, 054104. [Google Scholar] [CrossRef]

	



Mici, J.; Ko, J.W.; West, J.; Jaquith, J.; Lipson, H. Parallel electrostatic grippers for layered assembly. Addit. Manuf. 2019, 27, 451–460. [Google Scholar] [CrossRef]

	



Plochowietz, A.; Wang, Y.; Shreve, M.; Crawford, L.S.; Raychaudhuri, S.; Butylkov, S.; Rupp, B.B.; Wang, Q.; Wang, Y.; Kalb, J.; et al. Programmable Micro-Object Assembly with Transfer. In Proceedings of the 2019 20th International Conference on Solid-State Sensors, Actuators and Microsystems & Eurosensors XXXIII (TRANSDUCERS & EUROSENSORS XXXIII), Berlin, Germany, 23–27 June 2019; pp. 390–393. [Google Scholar]








[image: Nanomaterials 11 00842 g001 550] 





Figure 1. Sketches of common layer transfer techniques: (a) chemical epitaxial lift-off, (b) laser lift-off, (c) mechanical spalling, and (d) ion cutting. 
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Figure 2. (a) Sketch of surface tension-assisted epitaxial lift-off (ELO) transfer techniques. (b) Demonstrations of the transferred GaAs thin films to the rigid substrate (left image, GaAs on 4′’ Si wafer. Center image, GaAs on curved solid object. Right image, GaAs on glass) and (c) flexible substrates (left, GaAs on tape. Right, GaAs on flexible sheet). Adapted from [15]. 
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Figure 3. (a) An LED epitaxial layer was grown on the patterned sapphire substrate with V-shaped void channels. (b) The individual LED chips defined through the laser scribing process were lifted off from the void structures. (c) Schematic diagram of the multiple-quantum-well (MQW) LED structure topped with a transparent conductive layer (TCL) ITO for the chemical lift-off (CLO) process. Adapted with permission of [42]. Copyright Applied Physics Express, 2010. 
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Figure 4. (a) The detailed process flow of ELO based on photoelectrochemical (PEC) etching, and (b) full 4-inch GaN layer released by PEC etching. Adapted with permission from [61]. Copyright John Wiley and Sons, 2017. 
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Figure 5. (a) Sketches of two different EC etching procedures, (b) SEM image of the porous structures formed by EC etching, and (c) the GaN membrane released from the porous GaN layer formed by EC etching. NP GaN in (a) stands for the nanoporous GaN. Adapted with permission from [66]. Copyright IOP Publishing, 2010. 
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Figure 6. Schematic diagram of sample (a) after first bonding, (c) after laser-lift-off, and (e) after second bonding; image of the 2-inch-diameter sample after it went through (b) first bonding, (d) laser-lift-off, and (f) second bonding. Adapted with permission from [181]. Copyright IOP Science, 2016. 
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Figure 7. (a) Schematic diagram of the process flow for fabricating flexible OLED display by LLO. (b) The corresponding flexible OLED display fabricated by laser lift-off (LLO) based on the technology shown in (a). A 248 nm excimer KrF laser with a pulse width of 25 ns is used for the LLO. Adapted with permissions from [188]. Copyright Royal Society of Chemistry, 2014. 
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Figure 8. (a) Sketch of the mechanical spalling. Adapted from [74]. (b) Optical image of the released GaN film. Adapted with permission from [73]. Copyright IOP Science, 2013. (c) Optical images of Si on plastic mounted in a handling frame, 8 µm thick III–V multijunction layers on tape and mounted on a cylinder, and the bulk Si substrate from which the 20 µm thick layer was removed (from left to right). (d) Solar cells. Adapted with permission from [71]. Copyright IEEE, 2016. (e) flexible CMOS circuits fabricated by spalling techniques. Adapted with permission from [76]. Copyright American Chemical Society, 2012. 
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Figure 9. Schematic of 2D layer-assisted layer transfer, including three steps: (a) 2D material fabrication, (b) VDW epitaxy of III-nitride film, and (c) transfer printing onto foreign substrate. Adapted with permission from [207]. Copyright John Wiley and Sons, 2019. 
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Figure 10. (a) Schematic illustrations of fabrication processes for epitaxial GaN thin films. (b) Optical images of light emissions from the as-fabricated LED on the original substrate and transferred LEDs on the foreign metal, glass, and plastic substrates. Adapted with permission from [191]. Copyright The American Association for the Advancement of Science, 2010. 
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Figure 11. Schematic of a method for growing/transferring single-crystalline thin films on/from epitaxial graphene (a–f). (g) Schematic of a transferred visible LED device on the tape. (h) I–V characteristic of a transferred LED stack measured by applying positive bias on Ni and negative bias on n-GaN. The pictures of the LED emitting blue light are displayed in an inset. (i) Electroluminescence (EL) spectra of a transferred LED stack taken as a function of injection current. Adapted from [78]. 






Figure 11. Schematic of a method for growing/transferring single-crystalline thin films on/from epitaxial graphene (a–f). (g) Schematic of a transferred visible LED device on the tape. (h) I–V characteristic of a transferred LED stack measured by applying positive bias on Ni and negative bias on n-GaN. The pictures of the LED emitting blue light are displayed in an inset. (i) Electroluminescence (EL) spectra of a transferred LED stack taken as a function of injection current. Adapted from [78].



[image: Nanomaterials 11 00842 g011]







[image: Nanomaterials 11 00842 g012 550] 





Figure 12. (a) Procedures of the peel-and-stick process. (b) Solar cells on cell phone (left), business card (middle), and building window (right). Adapted from [208]. 
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Figure 13. (a) Schematic illustrations of key steps for physically liberating thin-film nanoelectronics from a fabrication SiO2/Si wafer in water. (b) Optical images of the thin-film nanoelectronics on the SiO2/Si wafer (left), and peeled with a thermally releasable tape (middle), and then trimmed neatly (right). The bottom frame shows the corresponding microscope images. Si NRs in (b) stands for Si nanoribbons, and Si NM in (b) refers to Si nanomembrane. Adapted from [210]. 
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Figure 14. (a) Schematic illustrations of key steps for ion cutting techniques for GaN layer transfer. (b) Four-inch free-standing GaN template, and (c) transferred 4-inch GaN layer on the sapphire substrate. Adapted with permission from [2]. Copyright IOP Science, 2013. 
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Figure 15. Sketches of the two methods for chip-level transfer by ELO. (a) “Layer-first” concept, where the epi-layer is first transferred to a receiving substrate by ELO. The transferred epi-layer is then patterned into functional chips. (b) “Chip-first” concept, where the epi-layer is first patterned into function chips, and then they are transferred to a receiver substrate by ELO. 
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Figure 16. (a) Sketch of the LLO process for prepatterned semiconductor chips, (b) example of wafer-level LED chips released by LLO. Adapted with permission from [218]. Copyright IOP Publishing, 2009. 
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Figure 17. (a) Working principle of the tape-assisted laser transfer, (b) images of wafer-level micro-LED chips via tape-assisted laser transfer (TALT), (c) a planar display device, and (d) a flexible display device developed based on TALT. Adapted with permission from [118]. Copyright John Wiley and Sons, 2020. 
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Figure 18. (a) Working principle of the laser-induced forward transfer (LIFT), (b) a schematic illustrating the LIFT based on using a multiple beam scanning strategy. (c) transferred and bonded 55 × 32 × 6 µm µLEDs on a test substrate by LIFT. Adapted with permissions from [229]. Copyright John Wiley and Sons, 2018. 
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Figure 19. Working principle of the stamp transfer printing, including 3 major steps: (a) forming printable inks, (b) picking up the ink by a stamp, and (c) releasing the ink onto the receiving substrate by retrieving the stamp slowly. 
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Figure 20. Two methods to form releasable inks with tether structures, where the tether material is introduced externally (a), and the tether material is from the epi-layer stack (b). 
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Figure 21. (a) A general fabrication procedure for making mushroom-like adhesive stamps. (b) SEM image of the resulting mushroom-like microstructures, and (c) SEM image of the stamp surface with tilted mushroom-like pillars formed by angled exposure. Adapted with permission from [256]. Copyright IEEE, 2012. 
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Figure 22. (a) A general roll-to-roll transfer printing process for making flexible active matrix LED (AMLED) devices integrated onto the thin-film-transistors (TFTs). (b) Emission images of the flexible micro-LED arrays assembled by roll-to-roll printing. Adapted with permission from [100]. Copyright John Wiley and Sons, 2017. 






Figure 22. (a) A general roll-to-roll transfer printing process for making flexible active matrix LED (AMLED) devices integrated onto the thin-film-transistors (TFTs). (b) Emission images of the flexible micro-LED arrays assembled by roll-to-roll printing. Adapted with permission from [100]. Copyright John Wiley and Sons, 2017.



[image: Nanomaterials 11 00842 g022]







[image: Nanomaterials 11 00842 g023 550] 





Figure 23. (a) Working principle of the laser-driven non-contact transfer printing based on a polydimethylsiloxane (PDMS) transfer head. (b) Three-dimensional pyramid built with silicon squares. (c) Silicon square placed on a silicon cantilever. Adapted with permission from [261]. Copyright IEEE, 2012. 
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Figure 24. (a) Photograph of transfer-printed multijunction GaAs solar cells on a low-cost ceramic sub-mount substrate. The inset shows a magnified view. (b) A pilot-scale commercial concentrator module with a certified efficiency of 35.5%. Adapted with permission from [106]. Copyright John Wiley and Sons, 2015. (c) A transfer-printed unit consisting of RGB micro-LED subpixels and corresponding driver IC. Adapted from [99] (d) Active micro-LED display made from the printed units shown in (c). The interconnection is based on electroplated copper. Adapted from [99]. 
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Figure 25. (a) A fluorescence sensor on PET wrapped around a cylindrical support interconnected by Cr (15 nm)/Ag (1500 nm)/Au (30 nm). Adapted with permission from [175]. Copyright American Chemical Society, 2016. (b) A silicon photodiode array integrated on a hemispherical glass substrate as an electronic camera eye, which is interconnected by chromium–gold–chromium. Adapted with permission from [264]. Copyright Springer Nature, 2008. (c) A solar module consisting of a 10 × 10 array of GaAs solar cells on a PET substrate. Interconnected by 30nm Cr/350nm Au. Adapted with permission from [262]. Copyright Springer Nature, 2010. (d) A stretchable indium gallium zinc oxide-based electronic textile formed by cilia-assisted transfer printing, interconnected by Cr/Au. Adapted from [263]. (e) Flexible AlGaInP micro-LED arrays interconnected by Ti (20 nm)/Au (300 nm). Adapted with permission from [250]. Copyright The American Association for the Advancement of Science, 2009. (f) Flexible GaAs wire-based metal–semiconductor field-effect transistor (MESFET) printed on a plastic substrate. Adapted with permission from [265]. Copyright AIP Publishing, 2005. 
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Figure 26. Examples of complex 3D objects formed by transfer printing. (a) Stacked silicon rings with varied thicknesses and diameters. Adapted from [266]. (b) A combination of silicon rings and a silicon square block. Adapted from [266]. (c) Multilayer configurations of 3 µm thick silicon platelets in a single stack with small incremental rotations and translations. Adapted from [233]. (d) A vertically aligned Si ring joined to an SU-8 resist block. Adapted with permission from [267]. Copyright IOP Publishing, 2012. 
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Figure 27. (a) Mechanism of surface tension-directed self-assembly at a liquid–liquid–solid interface. (b) SEM image of Si chiplets assembled in regular arrays. Adapted from [276]. 
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Figure 28. Schematic view of the microassembly system based on electrostatic field, where micro-objects (a) initially in solution are manipulated with electrode arrays (yellow) and then (b) transferred to a final substrate with a roller or continuous belt process. (c) Flat contact stamp transfer. (d) Chiplets assembled in an array and (e) heterogenous chiplet assembly of chips of different sizes. Adapted with permission from [289]. Copyright IEEE, 2019. 
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