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ABSTRACT 

 

Thin-film electronics refer to devices composed from thin-films of active semiconductors, 

dielectrics and metallic connects that are deposited over a supporting substrate, frequently 

silicon or glass. Thin-film electronics are widely used for applications, ranging from solar 

cells, batteries, transistors, light emitting diodes to sensors. Fabrication of thin-film 

electronics on nonconventional substrates (e.g., papers, polymers, fabrics and metal 

sheets) presents exciting opportunities for realizing the next-generation of electronics, 

such as flexible displays, transparent touchscreen panels, wearable solar cells and bio-

integrated electronics. However, fabrication of thin-film electronics on nonconventional 

substrates faces a significant challenge due to the mismatch between the device 

fabrication conditions and the tolerable processing conditions for the nonconventional 

substrates in terms of maximum temperature and chemical compatibility. To overcome 

this challenge, two transfer printing methods are developed, which involve the following 

main steps: (1) fabricating the thin-film electronics on a conventional silicon wafer using 

standard fabrication methods; (2) peeling off the entire thin-film electronics from the 

silicon wafer; and (3) finally attaching the thin-film electronics to nonconventional 

substrates. This general approach eliminates the need for further fabrication steps on the 

nonconventional substrates; therefore overcoming the above processing condition 

mismatch challenge.  

 

The first transfer printing method relies on the differences in adhesion to transfer thin-

film electronics from weakly adhesive donor silicon wafer to more strongly adhesive 
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receiver substrates. To demonstrate this, the silicon nanowire based thin-film resistors 

were used. Electrical characterization of the transferred thin-film electronics shows that 

ohmic contacts are maintained between silicon nanowires and metal electrodes, and are 

successfully demonstrated for applications of flexible piezoresistive sensors and 

temperature sensors with reliable performance. Nevertheless, about 30~50% of the 

devices are damaged during the peel-off process due to the high mechanical stresses. To 

resolve this problem, the second transfer printing method is developed, named water-

assisted transfer printing method or peel-and-stick process, which relies on the 

phenomenon of water penetrating into the interface between Ni film and SiO2 layer. As 

model systems for the peel-and-stick process, we use hydrogenated amorphous silicon 

thin-film solar cells in addition to silicon nanowire based thin-film resistors, diodes and 

transistors as model systems. The transfer yield is improved to 100%, and the transferred 

thin-film electronics maintain their original geometries and device performances with 

high fidelity. We hypothesize that the peel-and-stick process is closely related to the 

water-assisted subcritical debonding phenomenon. So, we further experimentally 

investigate the critical adhesion energy of the Ni-SiO2 interface where the phenomenon 

of water penetrating occurs, and confirm that the critical interfacial adhesion energies are 

significantly reduced by 70~80% in the presence of water, compared to those in ambient 

environment. We believe that the peel-and-stick process has great potential for the 

manufacturing of high-performance thin-film electronics on diverse flexible/transparent 

nonconventional substrates.  
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Chapter 1. Introduction 

 

This chapter introduces an overview of my doctoral research about transfer printing 

methods for fabricating thin-film electronics on nonconventional substrates. Section 1.1 

introduces the background and motivation of the present thesis, and Section 1.2 and 1.3 

provide related overview of transfer printing methods and semiconductor silicon 

nanowires as an active component. Section 1.4 describes the scope and organization of 

thesis.  

 

1.1 Background  

 

Thin-film electronics refer to devices for which thin-films of active semiconductors, 

dielectrics and metallic connects are deposited over a supporting substrate, frequently 

silicon and glass. Thin-film electronics, due to their low material consumption, low 

temperature deposition and compatibility to roll-to-roll process, have been widely used 

for applications, ranging from solar cells1, batteries2, transistors3, light emitting diodes4 to 

sensors5. Recent research in thin-film electronics has been focused on the replacement of 

the conventional rigid wafer-based substrates with nonconventional flexible/transparent 

substrates, including plastics6, polymers7, fabrics8 and metal sheets9, to realize new 

devices, ranging from flexible displays10, transparent touch panels11, curvilinear solar 

cells1 to bio-integrated electronics12. However, fabrication of thin-film electronics on the 

nonconventional substrates faces a critical issue regarding to the mismatch between 

device fabrication conditions and the tolerable conditions for the nonconventional 

1 
 



substrates.13-15 As schematically shown in Fig. 1-1, the process temperature for 

fabricating thin-film electronics is limited by the maximum allowable temperatures for 

the nonconventional substrates, such as papers (< 100°C), plastics (< 125°C) and 

polyimide (< 350°C), which are far below than those of conventional substrates, such as 

quartz and wafers (> 1000°C). Correspondingly, the limited process temperature affects 

the device performances. In addition to the temperature limitations, the nonconventional 

substrates are less tolerate to solvents and acids and are less smooth, which make them 

incompatible to the conventional lithographic facilities.16  

 

To mitigate this challenge, transfer printing methods have been developed, which pick up 

semiconducting micro/nanomaterials processed with high temperatures on a donor 

substrate and place them onto a receiver substrate at room temperature in a massive 

parallel and deterministic manner.14 With the transfer printing methods, diverse 

flexible/transparent electronic devices, ranging from bio-integrated conformal 

sensors,12,17 curvilinear optoelectronics4 to transient electronics,18 have been successfully 

demonstrated. Overview of recent advances in transfer printing methods is described in 

Section 1.2. Though promising, current transfer printing methods are mainly used to 

transfer a monolayer of the semiconductor thin-films, so post-fabrication processes, such 

as lithography and metal deposition, need to be conducted on the receiver substrates to 

complete the functional electronic devices.3,5,15,19 Hence, these post-fabrication processes 

still face the constraints associated with temperatures and chemicals posed by the 

inherent properties of the receiver substrates. To overcome this challenge, we develop 

two novel transfer printing methods enabling the transfer of fully fabricated electronic 
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devices from a donor substrate onto an arbitrary receiver substrate.20-22 Since there is no 

further fabrication required on the nonconventional substrates, the transfer printing 

methods overcome the above condition mismatch challenge.  

 

Understanding of the behavior and fracture mechanism of the thin-film materials under 

stain is also critical because the applications of the transferred devices typically require 

intentional bending, stretching, or non-planar shaping. These mechanical issues of the 

transferred thin-film materials onto the flexible substrates can be alleviated by designing 

the device structures to improve the overall device flexibility, as described in references 

(23-25). Rather, the present thesis focuses on the processes for replacing the conventional 

rigid substrate with nonconventional flexible/transparent substrates. Lastly, the transfer 

printing methods developed in this study are proposed as an approach for integration of 

thin-film based electronics. It should be noted that the transfer printing methods are not 

designed for the conventional complementary metal-oxide-semiconductor very-large-

scale integration (CMOS VLSI) circuits.  
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Figure 1-1. Schematic illustration showing the limitation of process temperature by the 

maximum allowable temperatures for nonconventional substrates, such as papers (< 

100°C), plastics (< 125°C), and polyimide (< 350°C), which are far below than that of 

conventional substrates, such as quartz and wafers (> 1000°C). In addition to the 

temperatures, the processes for the nonconventional substrates are also limited by their 

rough surface and poor chemical resistance.16 
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1.2 Overview of transfer printing methods 

 

Transfer printing methods refer to the techniques enabling the deterministic assembly of 

micro- or nano-materials into spatially organized, functional arrangements with two- and 

three-dimensional layouts.14 They can endow the thin-film electronics with superior and 

novel functionalities that are not possible with current electronic devices tethered on rigid 

substrates (e.g., Si wafer) by integrating the high performance semiconductor materials 

with the non-Si based flexible/transparent substrates. In the transfer printing methods, a 

patterned elastomeric stamp made of Polydimethylsiloxane (PDMS) is usually used for a 

massively parallel ‘pick-and-place’ process that is compatible with extremely thin, fragile 

device components.26,27 Figure 1-2 shows an illustration of the ‘pick-and-place’ process 

using an elastomeric stamp.27 In this process, a thin active semiconductor monolayer 

formed on a fabrication wafer is released, retrieved with the elastomeric stamp and then 

delivered to a receiver substrate. When repeated, this process enables a high-resolution 

and large-area assembly with capabilities in two or three dimensional layouts as shown in 

Fig. 1-3.14,26,28 The key to successful transfer printing process is an engineered 

mechanism to modulate the adhesion to the elastomeric stamp, from a strong state, for 

retrieval, to a weak one, for printing. To control the adhesion differences at the interfaces, 

many approaches are available, ranging from those that use peel-off rate dependent 

viscoelastic behaviors in an elastomeric stamp,27 pressure-modulated contact areas,26 

interfacial shear loading,29 to chemical etching of a sacrificial layer.1,3 For instance, 

adhesions are modified by chemical etching of a sacrificial layer to reduce their contact 

area.1,4,12,15,28,30,31 In this approach, the semiconductor materials/devices are fully 
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fabricated on bulk wafer with a sacrificial layer (e.g., silicon dioxide (SiO2)), and then the 

sacrificial layer is removed with chemical etching (e.g., Hydrofluoric acid (HF)), 

followed by transfer of the lifted materials/devices onto a target substrate. Alternatively, 

the adhesions are modified using surface chemical or plasma treatments to enhance the 

adhesion differences between the donor and receiver substrates.32,33 These approaches 

have been widely demonstrated for unusual types of electronic devices including flexible 

transistors,15 curvilinear solar cells,1 stretchable batteries,25 transient electronics,18 

epidermal electronics34 and bio-integrated sensors.12 Representative demonstrations of 

the thin-film electronic devices fabricated by the transfer printing methods are 

summarized in Fig. 1-4.1,4,12,30 These examples illustrate the functional integration of 

diverse materials and geometries and show how the transfer printing methods can enable 

new fabrication routes for multidimensional, large-area assembly of semiconductor 

materials with flexible, light-weight, and curvilinear substrates.  
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Figure 1-2. Schematic illustration of the general ‘pick-and-place’ process for 

transfer printing method.27 The process begins with the fabrication of semiconductor 

microstructures on a donor substrate by using conventional fabrication methods. (i) 

Laminating an elastomeric stamp against a donor substrate and then peel it away (ii) pulls 

the microstructures from the donor substrate onto the stamp. (iii) Contacting the stamp to 

a receiver substrate and then peel it away to transfer the microstructures from the stamp 

to the receiver.  
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Figure 1-3. Representative images of 2D or 3D microstructures over large areas by 

repeating ‘pick-and-place’ process. (a) SEM image of multilayer stacked silicon 

platelets (100 × 100 μm squares, 3 μm thick) on a silicon wafer. In this case the precision 

translation and rotational stages (TMC Services, Inc., Micristar Model 828) controls the 

positions of the elastomeric stamp during the multiple ‘pick-and-place’ processes.26 (b) 

SEM images of densely packed silicon chips (167 μm × 50 μm × 5 μm). In this case the 

transfer printing operation is repeated only four times to complete a seamless 32 × 32 

array of 1024 stamp by using an automated transfer printing tool (Semprius).14 (c) Optical 

image of large-area (15cm × 15cm) transferred microstructured single crystalline silicon 

ribbons onto a plastic (PET) substrate.28 
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Figure 1-4. Representative optical images of unusual thin-film electronic devices 

enabled by the transfer printing methods. (a) GaAs single-junction solar cells 

consisting of the transferred 10 Х 10 array of GaAs thin-film materials (each 500 μm Х 

500 μm) onto a plastic substrate (PET). The flexible solar cells can function on 

curvilinear surfaces.1 (b) A three dimensional (3D) digital camera fabricated to 

hemispherical shapes for integration into apposition cameras. This 3D camera incorporate 

approximately twice as many as ommatidia as eyes found in some worker ants with 

similar fields of view (140-180 degrees)30 (c) Water-proof and stretchable light emitting 

diodes (LEDs) mounted on the fingertip of a vinyl glove. The LEDs are functional after 

immerse into soapy water.4 (d) Ultrathin and conformal bio-sensor fabricated on 2.5 μm 

thick of polyimide substrate. This sensor is capable of intimate, non-invasive integration 

with the soft, curvilinear surfaces of biological tissues for improving signal-to-noise 

ratio.12  
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1.3 Model system: Semiconductor silicon nanowires 

 

One-dimensional semiconductor nanostructures, i.e., silicon nanowires, have attracted 

great attention for numerous applications for flexible/transparent electronics, owing to 

their key important features including excellent mechanical flexibility, optical 

transparency, high charge carrier mobilities and highly tunable chemical compositions.35-

37 First, by comparison with their bulk counterparts, the silicon nanowires possess 

superior flexibility resulting from the critical aspects of mechanics at their nanoscale 

dimensions5. The bending radius is significantly improved at nanostructures because the 

bending stiffness of materials is decreased proportional to the cube of its thickness.31 For 

example, recent study shows that reversible strain of maximum 24 % is achieved in 

silicon nanowires which diameter is around 30 nm.38 Second, the optical absorption of 

the nanowires is negligible because of the extremely small size of nanowires and the 

relatively small areas covered by the nanowires compared with the entire device arrays.36 

Third, the carrier mobilities of nanowires are superior to those of their bulk counterparts 

because of the improved structural perfection and one-dimensional nature of nanowires to 

effectively reduce carrier scattering. As an example, the average hole mobility values of 

560 cm2/V·s are reported in p-type silicon nanowires which is more than an order of 

magnitude larger than the value for bulk silicon, ~40 cm2/V·s, at a comparable effective 

doping concentration.35 Lastly, heterogeneous structures of the nanowires, i.e., p-n silicon 

nanowires, can be controllably synthesized during the growth to produce semiconductor 

nanowire devices with novel functionalities and correspondingly could lead to diverse 

device concepts, such as p-n diodes, complementary inverters, and complex logic gates.39 
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These attributes provide routes to high quality flexible/transparent thin-film electronics, 

in which semiconductor nanowires serve as the active components, for a wide range of 

potential applications, from flexible displays to lightweight, cheap energy conversion 

systems to thin, conformable bio-integrated sensors. Therefore, the silicon nanowires are 

the perfect candidate for our model system of active component to demonstrate the 

flexible/transparent thin-film electronics. The experimental methods for the controlled 

synthesis, alignment and integration into functional devices of silicon nanowires are 

introduced in Chapter 2.  

 

1.4 Scope and organization of thesis 

 

The goal of my thesis is to develop novel transfer printing methods enabling the 

integration of the nanowire-based thin-film electronics with diverse nonconventional 

flexible/transparent substrates, such as papers, rubbers, glasses and fabrics, which were 

not accessible before due to their temperature and chemical limitations. Towards this goal, 

we develop two new transfer printing methods which mechanisms rely on adhesion 

differences or interfacial cracks, respectively. In the last part of the thesis, the 

fundamental mechanisms of the new transfer printing methods are studied, which lead us 

to extend the application of the transfer printing method for the amorphous silicon based 

thin-film solar cells. The present thesis consists of five main chapters. 

 

Chapter 2 presents the experimental methods for the controlled synthesis, alignment and 

integration into functional devices of silicon nanowires as the model semiconductor 
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component. Particularly, while many of alignment methods for homogeneous nanowires 

are developed, alignment method for the axially modulated heterogeneous nanowires, i.e., 

p-n silicon nanowires, is not demonstrated yet because of the challenge to control the 

orientation of the heterogeneous nanowires in order to fully express the built-in 

functionalities of the nanowires. Therefore, we develop a new method to align the p-n 

silicon nanowires with well controlled orientations by using an electric field. With this 

method, about 97.7% of successful alignment yield is achieved, and furthermore, the as-

aligned p-n silicon nanowires are directly used to construct the diode-based logic gates 

with high performances.    

 

Chapter 3 introduces the first transfer printing method which mechanism relies on the 

adhesion differences between device layer and donor fabrication substrate (e.g., silicon 

wafer). Here, we mechanically peel-off the pre-fabricated nanowire devices from weakly 

adhesive donor silicon wafer with more strongly adhesive receiver substrates. This 

method, unlike conventional transfer printing methods, requires no further fabrication 

processes on the receiver substrates, thereby enabling the integration of nanowire-based 

thin-film electronics on diverse receiver substrates, such as polydimethylsiloxane 

(PDMS), tapes and petri dishes. As a result, reliable ohmic contacts between nanowires 

and metal pads are successfully achieved, and the as-fabricated nanowire-based thin-film 

devices are successfully demonstrated for the flexible piezoresistive strain sensors and 

temperature sensors. Nevertheless, the electrical characterizations imply that there are 

damages induced at the contact area between nanowires and metal pads during the 
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mechanical peel-off process, which lead us to develop another new transfer printing 

method.  

 

Chapter 4 introduces the second transfer printing method, named peel-and-stick process 

or water-assisted transfer printing method, which mechanism relies on the interfacial 

crack by the phenomenon of water penetrating into the interface between nickel (Ni) film 

and silicon dioxide (SiO2) surface, in which thin-film electronic devices are pre-

fabricated on top of the Ni film. The water-assisted transfer printing method enables the 

transfer of thin-film electronics onto almost arbitrary nonconventional substrates without 

damages and maintained their original geometries and electronic properties with high 

fidelity.  

 

Chapter 5 explores the fundamental mechanisms of the peel-and-stick process to facilitate 

its broad and scalable application. We study the effect of water on the interface between 

Ni film and SiO2 surface by using both double-cantilever-beam measurements and 

molecular dynamics simulations, and these results suggest that water reduces the critical 

adhesion energy of the Ni-SiO2 interface by 70~80% in comparison to that of ambient air 

environment, leading to the clean separation of Ni together with the top thin-film 

electronic devices from SiO2 surface in water. These results suggest that the peel-and-

stick process is governed by the water-assisted subcritical interface debonding 

phenomenon.  
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Chapter 6 broaden the application of peel-and-stick process from the nanowire based 

thin-film devices to the hydrogenated amorphous silicon (a-Si:H) based thin-film solar 

cells. With peel-and-stick process, the thin-film solar cells are successfully built on the 

flexible, extremely cheap and light-weight substrates, including papers, plastics, cell 

phone cases and building windows. The transferred thin-film solar cells exhibit excellent 

mechanical flexibility due to their thin thickness and the average solar cell efficiency of 

7.5% is unchanged by the peel-and-stick process. This enables further reduction of the 

cost and weight for thin-film solar cells and endows thin-film solar cells with flexibility 

and attachability to greatly broaden their applications.    

 

Chapter 7 summarizes our studies, draws the conclusions, and further suggests or 

recommendations for future works based on our investigations.  
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Chapter 2. Experimental Methods 

 

This chapter presents experimental methods to realize the silicon nanowire based thin-

film electronics from the growth, alignment to integration into functional devices. Section 

2.1 reviews the growth of semiconductor silicon nanowires including axially modulated 

heterogeneous p-n silicon nanowires. Section 2.2 describes the integration of silicon 

nanowires into functional thin-film electronic devices. Section 2.3 demonstrates a new 

method for aligning the axially modulated p-n silicon nanowires with well-controlled 

orientations.  

 

2.1 Growth of semiconductor silicon nanowires 

 

There have been demonstrated numerous routes for growth of semiconductor silicon 

nanowires, such as solution phase synthesis,1,2 electrodeposition in nonporous 

templates3,4 and metal-assisted chemical etching method,5,6 yet the vapor-liquid-solid 

(VLS) mechanism7 is the most commonly used. The VLS mechanism for growing 

nanowires involves the chemical reaction between vapor phase reactants and a liquid or 

molten catalyst to form nanowires on a substrate. The VLS mechanism is the most 

attractive method for growing high purity and single crystalline nanowires. In general, the 

preparation of the VLS mechanism requires that the addition of nanowire material during 

the synthesize process is constrained to occur along only one direction. Specifically, for 

growth of the silicon nanowires, we use a vapor phase precursor of silane (SiH4) as the 

nanowire material and a liquid phase metal nanoparticles (e.g., gold) as a catalyst. Figure 
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2-1 shows a binary phase diagram between gold nanoparticles and silicon and an 

illustration of the VLS mechanism. Above the eutectic temperature, gold becomes a 

preferential site for the decomposition of vapor-phase silicon precursor such as SiH4. 

When the liquid phase metal nanoparticle becomes supersaturated with silicon, a 

nucleation event occurs, and then by adding reactant selectively to this nanoparticle, a 

solid, crystalline nanowire can be grown along the crystal direction, which is 

energetically favored. The catalyst particle size controls the size of the initial nucleation 

event and the nanowire diameter. The growth rate is related to the growth temperature 

and partial pressure of SiH4. The detailed growth conditions of p-type or n-type silicon 

nanowires are shown in Appendix A. 

 

In the case of axially modulated p-n silicon nanowires, we carry out growth in the 

following way: initially, a precursor, such as diborane (B2H6), is used to prepare a length 

of the first p-type silicon material, and then a precursor phosphine (PH3) is exchanged in 

the reactor for a fixed time to produce a length of the second n-type silicon material. The 

detailed growth conditions of the axially modulated p-n silicon nanowires are shown in 

Appendix A. As an example, figure 2-2 shows the axially modulated p-n silicon nanowire 

grown by changing dopant gases from B2H6 to PH3 during the growth. The p-n silicon 

nanowires are selectively etched by potassium hydroxide (KOH), resulting different 

diameters for sections of different doping types since the etching rate for the n-type 

silicon is slower than that of the p-type.8 In the present thesis (Chapter 2.2), the axially 

modulated p-n silicon nanowires are used as active materials to construct arrays of the 

nanowire-based diodes.  
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Figure 2-1. Binary phase diagram of Au nanoparticles and silicon and illustration of the 

vapor-liquid-solid (VLS) mechanism.9  
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Figure 2-2. SEM images of as-grown (Top) and etched p-n silicon nanowires 

(Middle and Bottom). The diameter of the as-grown p-i-n silicon nanowires is uniform 

across the 12 μm length (Top). The etching rate for the n-type silicon (500:1) is slower 

than that of the p-type (4000:1) and i-type silicon. The p-i-n silicon nanowires were 

etched in 45 wt% KOH in water at 50°C for 10 sec.8   
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2.2 Integration of silicon nanowires into functional thin-film 

electronics  

 

To fabricate a functional thin-film electronic device using nanowires, it is often necessary 

to integrate the nanowires with other components such as contact pads, insulating layers 

and its substrates. In this section, we discuss the basic fabrication protocols for nanowire-

based functional devices, which are used in the present thesis. The detailed procedures 

are followed.  

 

2.2.1 Deposition and alignment of nanowires 

 

1. The as-grown silicon nanowires on the growth substrate is soaked into 1-2 ml of 

isopropanol solution (IPA), and then brief sonication is applied for 2-5 seconds to 

remove the silicon nanowires from the growth substrate and suspend in the solution. 

The nanowire solution should be checked for density and uniformity by optical 

microscope (Olympus, BX41M, dark field mode). The nanowire-suspended solutions 

can be stored in desiccators for 1-2 weeks but do aggregate with time. The optimal 

nanowire density for the electronic devices used in this thesis is around 5-10 

nanowires per 100 μm2. 

 

2. Alternatively, the silicon nanowires can be aligned on the silicon substrate by using 

contact printing method,10 yet this requires much larger quantities of silicon nanowires. 

For the axially modulated p-n silicon nanowires, they can be aligned by using electric 
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field-assisted method as described in chapter 2.3. Figure 2-3 shows a representative 

scanning electron microscope (SEM) image of the aligned silicon nanowires in 

between a pair of metal pads by using contact printing method and electric field-

assisted method, respectively.  

 

3. Clean the silicon dioxide (SiO2) surface of a Si substrate by using acetone, and render 

the SiO2 surface hydrophilic by using oxygen plasma (100 W for 5 minutes).  

 

4. Deposit the nanowire-containing isopropanol solution drop-wise on the clean SiO2 

surface of the Si substrate using a micropipette. Deposit the drops in the region where 

the nanowire devices will be made, and allow each drop to evaporate before the next 

drop.  

5. Bake the silicon substrates with silicon nanowires at 150°C for 5 min to evaporate all 

the solvent residues. 
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Figure 2-3. Representative SEM images of the aligned silicon nanowires in between 

a pair of metal pads by using (a) contact printing method and (b) electric field-assisted 

method. The contact printing method produce higher density of nanowires, yet this 

requires much larger quantities of silicon nanowires.  
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2.2.2 Fabrication of nanowire based thin-film devices  

 

1. Deposit Hexamethyldisiloxane (HMDS) on a silicon wafer with aligned nanowires at 

1000 rpm for 1 min, followed by baking at 120 °C for 1min on a hot plate to improve 

the adhesion of photoresist, and to stick all the nanowires to the substrate securely.  

 

2. Deposit a two-layer photoresist consisting of LOL2000 (Shipley, lift-off layer) and 

SPR3612 (Shipley, photoresist) onto the silicon substrate by spin coating: (i) Deposit 

0.5 ml LOL2000 by spinning at 1500 rpm for 1 min, targeting 300 nm thickness, 

followed by baking at 190°C for 5 min on a hot plate. (ii) Deposit 0.5 ml SPR3612 by 

spinning at 5500 rpm for 35 sec, targeting 1 mm thickness, followed by baking at 90°C 

for 1min on a hot plate.  

 

3. Expose the contact pads by mask-aligner (wavelength 350-430 nm, exposure time 1.5 

sec). 

 

4. Use tweezers to clamp the edge of the Si substrate and hold it firmly. Immerse the 

exposed sample in MF6 developer for 1min, and then rinse by immersing in DI water 

(50~80 ml) with gentle agitation for 1 min. Dry the sample in a stream of nitrogen gas 

thoroughly. Slightly over-developing is essential to clean the contact between the 

metal and silicon nanowires.  
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5. Immerse in 20:1 buffered oxide etchant (BOE) for 7~10 sec to remove the native 

oxides over the surface of silicon nanowires right before the metallization step using 

an electron beam (e-beam) evaporator. This is critical step to reduce the contact 

resistance and achieve good ohmic contacts between silicon nanowires and metal pads.  

 

6. Evacuate the evaporator chamber until it reaches a base pressure in the 10-7 torr range 

and define the contact pads by sequentially depositing titanium (5 nm, adhesion layer) 

and palladium (80 nm) at around 1 Å/sec. 

 

7. Lift-off the photoresists in 20-30 ml acetone at 60°C overnight. Wash with acetone, 

methanol and isopropanol for 10 sec each using squeeze bottles, and then dry for 20 

sec in a stream of nitrogen gas.  

 

8. Bake the sample at 350°C for 5 min to evaporate solvent residues and improve the 

contacts at the interfaces between silicon nanowires and source/drain electrodes.  
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2.2.3 Electrical Characterizations 

 

Electrical characterizations are carried out by applying source-drain voltage (Vds) to the 

source electrode, and the current across source-drain electrodes (Ids) is amplified by using 

current preamplifier (DL Instruments, Model 1211) while monitored by using home-built 

data acquisition system (National Instruments, LabVIEW and PCI-6030E) at room 

temperature. Figure 2-4a shows representative linear current-voltage (I-V) curve across 

multiple silicon nanowires (p-type silicon nanowires with the feeding ratio of Si:B as 

4000:1 and diameters ranging from 20 nm to 40 nm). Note that non-linear I-V curve is 

typically observed when the contact resistance between silicon nanowires and metal 

electrodes is high (Fig. 2-4b). Therefore, the BOE etching step to remove the native oxide 

layer and reduce the contact resistance is critical (Step 5 in Section 2.2.2).   
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Figure 2-4. Representative I-V curves of the fabricated silicon nanowires in between 

a pair of metal (Pd, 150 nm) pads. (a) Linear I-V curves are usually achieved when the 

fabrication is successful. (b) Non-linear I-V curves are usually achieved when the contact 

resistance is high between silicon nanowires and metal pad. Note that the chemical 

etching step (20:1 BOE) to remove the native oxide layer on the surface of silicon 

nanowires is critical to achieve the linear I-V curves.  
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2.3 Fabrication of axially modulated p-n silicon nanowire based 

devices 

 

This chapter describes a DC electric field-assisted method to align the axially-modulated 

p-n silicon nanowires with controlled orientation with over 97% yield. Good alignment of 

nanowires is important for wafer-scale nanowire-based devices and diverse methods have 

been developed to align homogeneous nanowires. However, alignment of axially-

modulated nanowires has received limited attention and such an alignment is challenging 

because the orientation of the nanowires needs to be controlled in order to fully express 

the built-in functionalities of the nanowires. In this chapter, we demonstrate that the 

axially-modulated p-n silicon nanowires are aligned with a DC electric field and the 

intrinsic dipole of the p-n silicon nanowires is preferentially aligned opposite to the 

external electric field. In this method, the electric field interacts with the axially-

modulated p-n silicon nanowires both through the dielectrophoretic forces on the induced 

dipoles and the electrophoretic forces on the intrinsic dipoles within the depletion layer. 

About 97.7% of the as-aligned p-n silicon nanowires have rectifying current-voltage (I-V) 

behaviors and 35% of them have no hysteresis with an average diode quality factor of 

2.12. These good quality diodes can be directly used to construct the OR and AND diode 

logic gates with high performance. Finally, we demonstrate two effective packaging 

methods, i.e., polydimethylsiloxane (PDMS) encapsulation and addition of a top metal 

layer, to immobilize the as-aligned nanowires and to protect or even improve the quality 

of the nanowire-metal contact.  
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Significant components of the section 2.3 were published as C. H. Lee, D. R. Kim and X. 

L. Zheng, "Orientation-Controlled Alignment of Axially Modulated p-n Silicon 

Nanowires", Nano Letters, 10, 5116-5122 (2010). 

 

2.3.1 Background 

 

To enable wafer-scale fabrication of one-dimensional nanowires-based electronic and 

optical devices, diverse methods have been developed to align nanowires, ranging from 

contact printing method10, flow-assisted alignment,11 Langmuir-Blodgett technique,12 

electric field assisted alignment13-26, and blow bubble method27, to direct growth of 

nanowire devices method28. To date, most of these methods have been applied to align 

axially-homogeneous nanowires, such as gold, zinc oxide, silicon, and polymer 

nanowires.13-25 Alignment of axially-modulated heterogeneous nanowires remains 

challenging since the orientation of the nanowires has to be controlled in order to 

correctly express their built-in functionalities.8,29 Previously, we reported a direct growth 

of nanowire devices (DGND) method, for which axially-modulated p-n silicon nanowires 

grow epitaxially between the sidewalls of two heavily-doped Si electrodes, and as such 

alignment and electric contact of nanowires are realized simultaneously with the growth 

step.28 Nevertheless, the DGND method requires the usage of silicon as electrodes for the 

epitaxial growth of silicon nanowires. The electric field-assisted alignment method13-26 

has been applied to align homogeneous nanowires, such as Au nanowires,18 silicon 

nanowires24 and ZnO nanowires,21 normally by the dielectrophoresis (DEP) forces. The 
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DEP forces are exerted on the dielectric nanowires through the induced dipoles when the 

nanowires are subjected to a nonuniform electric field.30,31 

 

2.3.2 Electric field-assisted alignment method  

 

Interestingly, the axially-modulated p-n silicon nanowires, in comparison to axially-

homogeneous silicon nanowires, have not only charge neutral regions, but also charged 

regions, known as the depletion layer at the p-n junction. Therefore, an external 

nonuniform electric field can interact with the p-n silicon nanowires both through the 

DEP forces on the induced dipoles and through the electrophoresis (EP) forces on the 

intrinsic dipoles.25,30,31 The combination of the DEP and EP forces determines the 

alignment and orientation of the axially-modulated p-n silicon nanowires.  

 

The alignment process of the axially-modulated p-n silicon nanowires is conceptually 

illustrated in Fig. 2-5, where we have assumed that the nanowires have comparable 

lengths to the gap distances between the two electrodes as our experiments so that the 

nanowires bridge the gap after the alignment. When a DC electric field is applied across 

the two electrodes, the charge neutral regions of the p-n silicon nanowires become 

polarized which are subjected to the DEP forces (Fig. 2-5a). Since the p-n silicon 

nanowires are more conductive than the solvent isopropyl alcohol (IPA),13,31 the p-n 

silicon nanowires are attracted to the electrode edges where the electric field gradient is 

the highest (Appendix B).30,31 The time-averaged DEP force acting on the p-n silicon 

nanowires is estimated using Eq. (1),30,31  
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FDEP   ℓ ε K ω E                                   (1) 

 

where r [m] is the radius of the p-n silicon nanowires, ℓ [m] is the length of the nanowires, 

εm [F/m] is the permittivity of the suspending medium IPA, K ω  is the real part of the 

Clausius-Mosotti factor, and E [V/m] is the electric field. The maximum DEP force is 

about 12.5 pN for our p-n silicon nanowires which have an average diameter of 100 nm 

and length of 12 μm (p- and n-segments are about 6 μm long) and are assumed to lie on a 

plane 300 nm above the substrate. Previous simulation results13 have shown that the 

maximum DEP force acting on silicon carbide (SiC) nanowires (diameter: 200 nm, and 

length: 2 μm) lying on a plane 300 nm above the substrate is 1.3 pN, which is in the 

comparable range of our estimated DEP forces, considering the geometric differences of 

these two nanowires. In addition, the estimated DEP force is much larger than forces 

caused by the Brownian motions, thermal effects, buoyancy forces and viscous drag 

forces,13,23 so these forces have little impact on the movement of nanowires near the 

electrodes and are neglected here. 
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Figure 2-5. Schematics of the orientation-controlled alignment of the axially-

modulated p-n silicon nanowires with a DC electric field. (a) Side view showing that 

the p-n silicon nanowires is attracted by the DEP forces towards the electrode edges 

where have the largest electric field gradient, and the mass center position of the p-n 

silicon nanowires cannot be changed by the two EP forces exerted on the charges in the 

depletion zone since they have the same magnitude but opposite direction. (b) Top view 

showing that the tilted p-n silicon nanowires rotate under the combined effects of TDEP 

and TEP torques, which can have different directions depending on the orientation of the 

p-n silicon nanowires with respect to the external electric field direction. Since TEP is 

larger than TDEP, the orientation of the axially-modulated p-n silicon nanowires is mainly 

determined by the TEP torque.      
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Other than the DEP forces, the electric field also applies the EP forces on the charged 

depletion zone of the p-n silicon nanowires, which can be estimated from Eq. (2),  

 

FEP q N V E                                        (2) 

 

where q [C] is the elementary charges, N [number/m3] is the number density of either 

acceptors or donors, and V [m3] is the volume of the depletion region in the p- or n- 

segment. The calculated EP force on our p-n silicon nanowires is about 31 pN. Although 

the estimated EP forces are larger than the estimated DEP forces, the EP forces will not 

change the center location of the p-n silicon nanowires because the two EP forces act on 

both sides of the p-n junction with the same magnitude but opposite directions (Fig. 2-5a). 

Nevertheless, the EP forces can generate a torque (TEP) to rotate the p-n silicon nanowires 

when the nanowires are not parallel to the direction of the electric field (Fig. 2-5). The 

TEP torque achieves its maximum value when the p-n silicon nanowires are perpendicular 

to the electric field, and its magnitude can be estimated using Eq. (3),  

 

TEP FEP                                                 (3) 

 

where w [m] is the width of the depletion layer. The calculated maximum TEP is about 

0.8 pN·μm. The p-n silicon nanowires also experiences the torque (TDEP) generated by 

the DEP force when they are not parallel to the direction of the electric field. The TDEP 

and TEP torques can have different directions depending on the orientation of the p-n 

silicon nanowires (Fig. 2-5b), so their competition determines the final orientation of the 

36 
 



p-n silicon nanowires. Nevertheless, the TDEP is small when the length of nanowires is 

comparable to the gap distance between the two electrodes, since the direction of the 

DEP force is almost vertical and its horizontal component, responsible for the TDEP 

torque, is negligible. The maximum TDEP for SiC nanowires with similar dimensions, 

according to previous simulation,13 is about 1.5×10-4 pN·μm, which is around 104 times 

smaller than our calculated TEP (0.8 pN·μm). Therefore, the TEP is the dominant torque to 

rotate the p-n silicon nanowires, so the p-n silicon nanowires are aligned with the 

intrinsic dipole opposite to the direction of the applied electric field.  
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2.3.3 Characterization of as-aligned p-n silicon nanowires 

 

Experimentally, the axially-modulated p-n silicon nanowires are aligned by applying a 

10V DC bias across an electrode pair (Appendix C). The alignment process of the p-n 

silicon nanowires was recorded through a high speed camera (Phantom Miro 3) 

(http://pubs.acs.org/doi/supple/10.1021/nl103630c), which shows that the p-n silicon 

nanowires are first attracted to the nearby region of the electrode edges due to the DEP 

forces, then rotate to the corrected orientation when needed under the dominant influence 

of the TEP torque, and finally are attached to the electrodes. As such, the aligned p-n 

silicon nanowires are parallel to the external electric field with the p-segment contacting 

the higher potential side of the electrode pair (Fig. 2-6a, inset). The quality of the 

alignment can be clearly seen from the SEM image (Fig. 2-6b) where all the nanowires 

are almost parallel to each other. The density of the as-aligned p-n silicon nanowires can 

be controlled through the nanowire concentration in the IPA suspension. The current-

voltage (I-V) curves of the as-aligned p-n silicon nanowires show good rectifying 

behaviors (Fig. 2-6a), confirming the orientation-controlled alignment of the p-n silicon 

nanowires, and their diode quality factors (n) have a normal distribution of 2.12 ± 0.31 

summarized over 20 devices. The alignment direction of the p-n silicon nanowires can be 

reversed by applying a negative potential (-10V, DC) to the left-hand side electrode such 

that reversed rectifying behaviors are realized (Fig. 2-6c). The above orientation-

controlled alignment of p-n silicon nanowires suggests that TEP, not TDEP, is the dominant 

torque for rotating nanowires, so that the final orientation of p-n silicon nanowires is 

determined by their intrinsic dipole moments, which needs to be opposite to the direction 
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of the external electrical field to minimize the electric potential energy. To further 

confirm the dominant role of TEP in alignment, we applied alternating current (AC) sine 

wave voltages (5 Vpp, 102 kHz) to change the direction of TEP periodically so that the p-n 

silicon nanowires were rotated back and forth. As expected, non-linear I-V curves (Fig. 

2-6d) are observed indicating that the p-n silicon nanowires are aligned with random 

orientations (Fig. 2-6d, inset). These experimental results demonstrate that the axially-

modulated p-n silicon nanowires are controllably rotated and aligned by using DC 

electric fields.  
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Figure 2-6. Electrical transport of the as-aligned p-n silicon nanowires. (a) I-V curves 

of the as-aligned p-n silicon nanowires exhibit forward-biased rectifying behavior. The 

schematic (inset) shows that the final orientation of the as-aligned silicon nanowires 

when a 10V DC voltage is applied to the left-hand side electrode. (b) SEM images of the 

as-aligned p-n silicon nanowires between two electrodes. (c) I-V curves of the as-aligned 

p-n silicon nanowires shows reverse-biased rectifying behavior when a -10V DC voltage 

is applied to the left-hand side electrode. (d) I-V curves of the as-aligned p-n silicon 

nanowires are nonlinear without rectifying behavior when AC voltages (5 Vpp, 102 kHz) 

are applied.  
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We further deposited platinum (Pt) on top of the p-n silicon nanowires to confirm that the 

rectifying behavior of the p-n silicon nanowire diodes comes from the nanowires 

themselves, not from the asymmetric nanowire-metal contact.21 A 200 nm thick of Pt film 

was deposited on all the p-n silicon nanowires that bridge a metal electrode pair by using 

a focused ion beam (FIB) (Fig. 2-7a). Before depositing Pt, as shown in Fig. 2-7b, the as-

aligned p-n silicon nanowires exhibit rectifying behavior but with hysteresis, indicating 

that the metal- nanowire contact resistance is high. Such rectifying I-V curves with 

hysteresis are observed for about 65% of the as-aligned p-n silicon nanowire devices. 

After depositing Pt, the hysteresis is removed and the current level is also increased 

significantly (Fig. 2-7b), implying that the nanowire-metal contact resistance has been 

reduced effectively. Importantly, the rectifying characteristics of the I-V curves are 

preserved (Fig. 2-7b), so it confirms that the rectification behavior comes from the p-n 

silicon nanowires which are aligned with controlled orientations.  

 

We have performed 177 alignment tests with different metal electrode gap distances and 

achieved a 97.7% yield of the forward-biased diodes, and the rest 2.3% devices (4 out of 

177) have nonlinear I-V curves without rectifying properties (Appendix D). The non-

linear I-V curves could come from very poor metal- nanowire contact quality or 

disorientated p-n silicon nanowires, which can occur due to the physical interference 

from the neighboring nanowires.23 Nevertheless, no reverse-rectifying behaviors were 

observed for the 177 tests. The statistical data strongly supports that the DC electric field-

assisted alignment of the axially-modulated p-n Silicon nanowires provides excellent 

control of orientation with high yield.  
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Figure 2-7. Identify the origin of the rectifying behavior of the as-aligned p-n silicon 

nanowires by adding a top Pt layer. (a) SEM images shows that a 200 nm thick Pt layer 

was deposited on both ends of the as-aligned p-n silicon nanowires by FIB. (b) I-V curves 

of the as-aligned p-n silicon nanowires with (straight lines) and without Pt (dotted lines). 

After depositing the Pt layer, the hysteresis is removed and the current level is increased, 

but the rectifying behavior is retained. So the rectifying behavior comes from the p-n 

silicon nanowires not the nanowire-metal contact. 
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2.3.4 Assembly of p-n silicon nanowires into functional logic gates 

 

As discussed above, roughly 35% of the as-aligned p-n silicon nanowires have excellent 

rectifying I-V curves without hysteresis. To further test the quality of these as-aligned p-n 

silicon nanowire diodes, we applied them directly to construct the OR and AND diode 

logic gates. A number of p-n silicon nanowires were aligned across two different pairs of 

electrodes to construct two diodes and an external resistor of 25 MΩ was connected for 

the test. Figure 2-6 illustrates the schematics (left) and characteristics (right) of both logic 

gates. For both gates, all the voltage inputs (Vin1 and Vin2), when on high, are 5V 

provided by an external power supply. For the OR logic gate, when either of the input 

voltages is high (5V), the output voltage Vout is high (Fig.2-8a, right). Likewise, for the 

AND logic gate, only when both inputs Vin1 and Vin2 are high (5V), the output voltage 

Vout is high (Fig.2-8b, right). The observed rectifying characteristics of OR and AND 

logic gates further support the good quality of the orientation-controlled alignment of the 

p-n Silicon nanowires and the nanowire-metal contact.  
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Figure 2-8. OR and AND diode logic gates constructed with the as-aligned p-n 

silicon nanowires. (a) Schematics of the p-n silicon nanowires OR logic gate (left).  The 

output voltage Vout is 1 when either Vin1 and Vin2 is 1, or both are 1 (right). (b) 

Schematics of the p-n silicon nanowires AND logic gate (left), where Vc is the supply 

voltage. The output voltage Vout is 1 only when both Vin1 and Vin2 are 1 (right). For both 

the OR and AND gates measurements, logic 0 input is 0 V; logic 1 input is 5 V; and a 25 

MΩ external resistor was used to balance the diode resistance. 
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2.3.5 Post-treatments for the as-aligned nanowires 

 

Even though the as-aligned p-n silicon nanowires with good rectifying properties can be 

readily used as diodes and components of logic gates, these nanowire devices need to be 

packed to immobilize nanowires and protect or even improve the quality of the nanowire-

metal contact. Packaging these nanowires with metal deposition by FIB as shown early is 

not practical for wafer-scale fabrication due to the time-consuming serial deposition of 

FIB. Here, we propose two methods to pack the as-aligned nanowire devices depending 

on the original quality of the diodes. The first method is used when the as-aligned p-n 

silicon nanowires have good rectifying characteristics without hysteresis, and the 

nanowire devices are simply encapsulated by polydimethylsiloxane (PDMS). The liquid 

PDMS is poured directly onto the as-aligned p-n silicon nanowire devices and cured 

overnight at room temperature. The liquid PDMS, due to its low viscosity and low 

surface energy, penetrates into the gaps between nanowires and metals, and fully 

encapsulates the NW devices,32 as shown in the inset of Fig. 2-9a, where two tungsten 

wires are embedded inside PDMS for electrical measurements. As shown in Fig. 2-9, the 

PDMS encapsulation step has negligible effect on the I-V curves of the original as-

aligned p-n silicon nanowire devices, and more importantly, the rectifying I-V curves are 

preserved even after one month of PDMS encapsulation, suggesting that PDMS 

effectively protects the devices from environmental damage. 

 

The second packaging method essentially adds another metal contact layer (Ti 5 nm/ Pd 

150 nm) on top of the p-n silicon nanowires by using photolithography (Fig. 2-9b). The 
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additional metal layer not only fixes the locations of the nanowires, but also improves the 

nanowire-metal contact quality. For the contact improvement, the surface native oxide of 

the p-n silicon nanowires is removed with a buffered oxide etchant (BOE, 20:1) right 

before the deposition of the top metal layer. As shown in Fig. 2-9b, after adding the top 

metal layer, the hysteresis of the original I-V curves is removed. This method is suitable 

for packing all the p-n silicon nanowires at the wafer scale, in particular for those as-

aligned p-n silicon nanowires devices with hysteretic I-V curves. These two packaging 

methods provide effective means to bridge orientation-controlled alignment of the 

axially-modulated p-n silicon nanowires with functional and robust nanowire devices. 
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Figure 2-9. Two packaging methods for the as-aligned p-n silicon nanowires to 

preserve the location of the nanowires and protect or improve the quality of the 

nanowire-metal contacts. (a) The inset schematic shows that the as-aligned p-n silicon 

nanowires are fully encapsulated by PDMS and the two tungsten wires embedded inside 

PDMS are for electrical measurements. The rectifying I-V curves are not affected by the 

encapsulation process and are preserved after one month. (b) The inset shows that 

additional metal contact layer (Ti 5nm/Pd 150nm) is added on top of the as-aligned p-n 

silicon nanowires by using photolithography. After adding the top metal contact layer, the 

hysteresis in the original I-V curve is completely removed and the current level through 

the nanowires is increased as well.   
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2.3.6 Conclusion 

 

In summary, we have demonstrated orientation-controlled alignment of the axially 

dopant-modulated p-n silicon nanowires across metal electrode pairs with DC electric 

fields. The p-n silicon nanowires suspended in IPA are attracted to the electrode edges by 

the DEP forces and rotated by the TEP torques, and their intrinsic dipole moments are 

aligned at the opposite direction of the external electric field finally. About 97.7% of the 

as-aligned p-n silicon nanowires have rectifying I-V behaviors and 35% of them have no 

hysteresis with an average diode quality factor of 2.12. These good quality diodes can be 

directly used to construct the OR and AND diode logic gates with high performance. 

Furthermore, we have confirmed that the origin of the rectifying behaviors come from the 

as-aligned p-n silicon nanowires, not from the nanowire-metal contact. Finally, we 

demonstrated two effective packaging methods, i.e., PDMS encapsulation and addition of 

a top metal layer, to immobilize the as-aligned nanowires and to protect or even improve 

the quality of the nanowire-metal contact. We believe that the high-yield orientation-

controlled, DC electric field-assisted alignment of the axially-modulated p-n silicon 

nanowires, together with the two packaging methods, can open up new opportunities for 

developing heterogeneous nanowire-based devices at the wafer scale.  
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Chapter 3. Adhesion-based Transfer Printing 

Methods  

 

We envision a future in which inorganic semiconductor nanowires can be fabricated on 

diverse nonconventional substrates, enabling high performance, flexible, transparent and 

even attachable resistors, transistors and sensors. This chapter describes three adhesion-

based transfer printing methods to fabricate nanowire devices on diverse 

flexible/transparent substrates. These transfer-printing methods rely on the differences in 

adhesion to transfer nanowires, metal films and even entire devices from weakly adhesive 

donor substrates to more strongly adhesive receiver substrates.  

 

Significant components of this section were published as C. H. Lee, D. R. Kim and X. L. 

Zheng, "Fabricating nanowire devices on diverse substrates by simple transfer printing 

methods", Proceedings of the National Academy of Science (USA), 107, 9950-9955 

(2010). 
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3.1 Background 

 

Semiconductor nanowires, due to their unique physical and chemical properties, have 

great potential for applications in the areas of electronics,1-3 photonics,4-7 and 

bio/chemical sensors,8-13 and the current state of the art of nanowire devices have been 

reviewed in Ref (14,15). In particular, when semiconductor nanowire devices are 

fabricated on flexible substrates, they function as versatile building blocks for high 

performance flexible and/or transparent electronics16,17 with possible extension to flexible 

displays, touch screens, flexible solar cells and conformable sensors.8,11-13,16,17 To realize 

these nanowire-based applications, great efforts have been devoted to the fabrication of 

nanowire devices on flexible/transparent substrates with methods including conventional 

photo- and electron beam lithography.6-8,17 Although nanowire devices have been 

successfully fabricated on plastics, glass and Kapton,6-8,17,18 the choice of device 

substrates is generally restricted because many useful flexible/transparent substrates, such 

as polydimethylsiloxane (PDMS) and tapes, suffer from problems such as shrinkage or 

degradation at the processing temperature, poor adhesion to nanowires and metal 

electrodes, incompatibility with solvents and acids, and being too flexible to be handled 

for the lithography step.  
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3.2. Three transfer printing methods 

 

Here, we report three new and simple transfer-printing methods to overcome the above 

limitations and to enable fabrication of nanowire devices on diverse substrates including 

PDMS, petri dishes, Kapton tapes, thermal release tapes and many types of adhesive 

tapes. The three transfer-printing methods basically rely on the differences in adhesion to 

transfer nanowires, metal films and even entire nanowire devices from weakly adhesive 

donor substrates to more strongly adhesive receiver substrates when these two substrates 

are brought into close physical contact. Previously reported transfer-printing methods, 

such as micro-contact printing (μ-CP), nanoscale-transfer printing (nTP), and metal 

transfer printing (MTP),16,19-23 have been used mainly to transfer metal films to receiver 

substrates by using PDMS stamps. Our methods significantly broaden the transferred 

substances from metals to the entire nanowire devices with not only PDMS but also tapes. 

Significantly, nanowire devices can be fabricated by printing nanowires and metal 

electrodes in sequence on a diverse range of substrates, including PDMS, tapes, wafers, 

Kapton, and even petri dishes. In addition, the three new transfer-printing methods are 

simple enough to be implemented without the need for special equipment.  

 

For convenience, we categorize our transfer-printing techniques into three methods. The 

first method, referred to as single transfer-printing (STP), allows existing nanowire 

devices to be transferred from a silicon wafer to a receiving PDMS or tape substrate by a 

single peel-off step. In the second method, named double transfer-printing (DTP), 

nanowire devices are fabricated on adhesive substrates by transferring and printing 
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nanowires and electrodes in sequence. The third and the last method, i.e., multiple 

transfer-printing (MTP), involves multiple transfers of electrodes by using thermal 

release tapes and is capable of fabricating nanowire devices on both flexible and rigid 

substrates. The procedures and features of these three methods are discussed below, in 

detail.  

 

3.2.1 Single transfer printing  

 

The STP method enables fabrication of nanowire devices on adhesive substrates, such as 

PDMS and many types of adhesive tapes, by peeling off pre-fabricated nanowire devices 

from a donor silicon wafer using the adhesive receiver substrates. The STP method was 

first demonstrated with PDMS as the receiver substrate because PDMS is commonly used 

for microfluidic and biological applications due to its simplicity in fabrication, excellent 

elasticity and biocompatibility.24 The basic steps of transferring nanowire devices onto 

PDMS using the STP method are summarized in Fig. 3-1a. First, aligned silicon 

nanowires were deposited on a silicon wafer from their growth substrate by the contact-

printing method.25 The source and drain contacts (100 nm Au/5 nm Ti) were deposited by 

electron beam evaporator at photolithography-defined regions to complete the nanowire 

devices (Fig. 3-1a, i)9 (Appendix E). Next, liquid PDMS was poured onto the 

prefabricated nanowire devices and cured overnight at room temperature (Fig. 3-1a, ii). 

Because liquid PDMS has low viscosity and low surface energy, it can easily fill the gaps 

between nanowires and electrodes to fully encapsulate the nanowire devices.26 Finally, 

the cured PDMS film (~5 mm) was peeled off from the donor silicon wafer with 

56 
 



nanowire devices embedded inside (Fig. 3-1a, iii & iv). Moreover, the procedures 

described in Fig. 3-1a were also used to fabricate nanowire devices on adhesive tapes 

(e.g., thermal release tapes and blue wafer mount tapes) by simply using tapes instead of 

PDMS.  

 

The nanowire devices transferred by the STP method exhibit several important features. 

First, nanowire devices with electrode spacing ranging from 3 μm to 25 μm were 

successfully transferred from the donor silicon wafer to PDMS and thermal release tapes 

(Fig. 3-1b). Optical pictures and scanning electron microscope (SEM) inspections show 

that about 90~100% of the metal electrodes (500 μm to cm scale) were successfully 

transferred and the original donor silicon wafer was clean enough for reuse after regular 

wafer cleaning (Fig. 3-1b & 3-1c). Second, the silicon nanowires deposited by the 

contact-printing method25 were highly aligned with uniform spacing before transfer (Fig. 

3-1c, left) and were fully embedded inside PDMS after transfer (Fig. 3-1c, right), thereby 

enhancing the mechanical robustness of the nanowire devices. Finally, about 50-70% of 

the original devices were successfully transferred with retained linear I-V curves (Fig. 3-

1d) and the rest devices either have non-linear I-V curves or no response. The device 

yield highly depends upon the number of nanowires connecting the original device since 

the peel off stress can break about 80-85% of nanowires on the basis of the conductance 

reduction after transfer (Fig. 3-1d). Nevertheless, the transferred nanowire devices remain 

conductive, with linear I-V curves (Fig. 3-1d), so that they are still functional devices on 

PDMS and tapes. These results illustrate the potential of using the STP method to 

fabricate large scale, well-defined nanowire devices on diverse flexible substrates.  
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Figure 3-1. Fabricating nanowire devices using the STP method. (a) Illustration of the 

steps for the STP method on PDMS. (Pre-fabricated nanowire devices  Deposition of 

liquid PDMS and curing  Peel off PDMS/nanowire devices  Nanowire devices 

embedded inside PDMS) (b) Photographs of the nanowire devices on PDMS (left) and a 

thermal release tape (right), showing that all metal electrodes on the donor substrate were 

successfully transferred to the receiver substrate. The transferred nanowire devices show 

optical clarity and mechanical flexibility. (c) SEM images of a nanowire device before 

and after transfer to PDMS. The silicon nanowires deposited by the contact-printing 

method were well-aligned between two metal electrodes on the original silicon wafer (left) 

and were embedded inside PDMS after transfer (right). (d) The I-V curves before and 

after transfer to PDMS (left) and the thermal release tape (right) remain linear although 

the current level decreases after the transfer.   
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The key factor for a successful STP method is to create large metal adhesion differences 

between the donor and the receiver substrates. Weak adhesion between the metal 

electrodes and the donor substrate facilitates a clean peel-off process,27,28 so we choose 

metals such as Au and Pd, which adhere poorly to silicon, as the bottom layer of the 

metal contact. Correspondingly, a strong adhesion between the metal electrodes and the 

receiver substrate is essential for reliable transfer and the robustness of the final devices. 

Although chemical or plasma treatments can enhance adhesion between Au or Pd films 

and polymers,20,29 these treatments can change the surface chemistry of nanowires and 

cause surface damage. Instead, we added a layer of Ti (5 nm) to the top of the metal 

contact during the metal evaporation step to enhance the adhesion between the metal 

electrodes and PDMS while avoiding any damage to the nanowires.20  

 

Importantly, the STP method has the potential to achieve stretchable metal interconnects 

for nanowire devices on PDMS. As shown in Fig. 3-2a, the initial flat metal electrodes 

become wave-like after transfer because they experience excessive stresses during the 

curing of PDMS.26,30-32  The periodic wrinkles of the metal surface after transfer onto 

PDMS are clearly seen in Fig. 3-2a, and the wavy interconnect electrodes are essential for 

fabricating stretchable nanowire electronic systems for many applications, including 

nanowire tactile sensors for humanoid robots33 and shape conforming nanowire sensors. 

On the other hand, the metal surface transferred to tapes remains unwrinkled and smooth 

on the thermal release tape (Fig. 3-2b). Moreover, although we observed small cracks in 

small area of the transferred metal surfaces due to the excessive peel-off stresses, the 
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metal surface transferred to tapes is, in general, uniform across the entire substrate, with 

at least 90% of the surface area being defect free. 
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Figure 3-2. SEM images of the transferred metal surfaces to PDMS (left) and a 

thermal release tape (right). (a) Metal surface becomes wrinkled with a sinusoidal 

wave-like pattern when it is transferred by PDMS because it experiences excessive 

stresses during the curing of PDMS. (b) Metal surface remains smooth when it is 

transferred to a thermal release tape. The insets show the enlarged images at the center 

position of two electrodes.  
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3.2.2 Double transfer printing  

 

Fabricating nanowire mesh devices on tapes can be further simplified by using the 

Double Transfer-Printing (DTP) method. The DTP method transfers nanowires and pre-

patterned electrodes from their respective donor substrates to the same tape receiver 

substrate in sequence and its major steps are illustrated in Fig. 3-3a. First, silicon 

nanowires were grown on a growth substrate using the Au-catalyzed Vapor-Liquid-Solid 

(VLS) mechanism.34,35 Silicon nanowires were subsequently etched by a Buffered Oxide 

Etch (BOE, 20:1) to remove their surface native oxide in order to form good metal-

silicon electrical contacts (Fig. 3-3a, i).9 Second, an adhesive tape was gently applied to 

the top of the growth substrate and then peeled off by hand. As a result, many silicon 

nanowires were transferred onto the tape, forming an interconnected silicon nanowire 

mesh network (Fig. 3-3a, ii), as shown in the left SEM image of Fig. 3-3b. Finally, the 

adhesive tape with the silicon nanowire mesh was gently pressed against another silicon 

donor wafer on which predefined metal electrodes had been patterned by 

photolithography. Peel-off of this adhesive tape resulted in the transfer of the metal 

electrodes and these metal electrodes form direct contact with silicon nanowire mesh on 

the tape (Fig. 3-3a, iii). As shown in the right SEM image of Fig. 3-3b, the final nanowire 

devices on the tape substrate consisted of nanowire meshes with metal contacts on two 

ends of silicon nanowire mesh. Again, the metal surfaces are smooth, without wrinkles, 

as observed for the STP method. In addition, the density of the nanowire mesh can be 

increased further by the repetition of steps (i) and (ii) in Fig. 3-3a.   
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The DTP method is a general way to fabricate nanowire mesh devices on adhesive 

substrates. With this method, we have successfully fabricated nanowire mesh devices on 

blue wafer mount tapes, Kapton tapes,8 and thermal release tapes (Fig. 3c). Almost all the 

fabricated devices show I-V signals and about 30-40% of device have linear I-V curves, 

as shown in Fig. 3-3d, indicating that excellent ohmic contacts are formed between the 

nanowire mesh and metal electrodes with this simple pasting step. We believe that the 

strong adhesion between the metal electrodes and adhesive tape is responsible for the 

observed good quality of these contacts, which are found to be comparable to those made 

by the direct evaporation of metals on top of nanowires. These nanowire mesh devices on 

tapes have two attractive and unique characteristics. First, they are transparent, flexible 

and can be pasted onto any flat or curved surface with the devices being protected by the 

tapes (Fig. 3-3c). Second, the nanowire mesh devices can be fabricated over large areas 

with controllable nanowire density.  
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Figure 3-3. Fabricating nanowire devices using the DTP Method. (a) Illustration of 

the steps for the DTP method. (Nanowires on the growth substrate  Hydrofluoric (HF) 

etching to remove the native silicon dioxide (SiO2) of nanowires  Pressing down a tape 

to the nanowires  Peel off the tape with nanowire mesh  Pressing down the 

tape/nanowire mesh to the prefabricated electrodes  2
nd

 Peel-off  Nanowire device on 

the tape) (b) SEM images of silicon nanowire mesh on the adhesive side of a tape (left) 

and the transferred metal electrodes on top of the nanowire mesh on a thermal release 

tape (right). (c) Photographs of the transferred nanowire mesh devices on a blue wafer 

mount tape (left), a Kapton tape (middle), and a thermal release tape (right). All 

substrates have excellent mechanical flexibility. (d) The I-V curves of the final p-type 
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silicon nanowire mesh devices on the blue wafer mount tape (left), the Kapton tape 

(middle), and the thermal release tape (right) are all linear indicating that the ohmic 

contacts were formed between the nanowire mesh and the metal electrodes. 
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3.2.3 Multiple transfer printing  

 

The Multiple Transfer-Printing (MTP) method, which is the third method we have 

developed, is the most versatile printing method and is able to fabricate nanowire mesh 

devices on diverse substrates including both rigid and flexible substrates. The important 

procedures of the MTP method are illustrated in Fig. 3-4a. First, a thermal release tape 

was pressed against a donor substrate carrying prefabricated metal electrodes, and was 

then gently peeled off. As a result, the electrodes were cleanly transferred to the thermal 

release tape (Fig. 3-4a, i). Second, the thermal release tape carrying the electrodes was 

pressed down against various substrates, including silicon wafers, tapes and petri dishes 

(Fig. 3-4a, ii). Then, the whole device was heated at 90°C for a few seconds to release the 

thermal release tape, allowing it to be peeled off easily, leaving only the metal electrodes 

on the target substrate (Fig. 3-4a, iii). Third, the BOE-etched silicon nanowires were 

transferred to adhesive tapes with controllable density by using the same procedure as 

that in the DTP method, as illustrated again in the right column of Fig. 3-4a. Finally, the 

tape with nanowire mesh was pasted onto the substrate with metal electrodes to complete 

the nanowire mesh devices (Fig. 3-4a, iv). Here, the tape only partially covers the 

electrodes so that the exposed portions of the electrodes can be used for electrical 

connections.     

 

The major advantage of the MTP method is that it can be used to fabricate nanowire 

mesh devices on any substrate with weak adhesive properties or even non-adhesive 

substrates, providing that their surfaces have sufficient roughness to hold the metal 
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electrodes. For example, with the MTP method, we have successfully fabricated 

nanowire mesh devices on the non-adhesive side of an insulation tape and on a petri dish, 

as shown in Fig. 3-4b, where the blue wafer mount tape attached on the nanowire mesh 

device was used to transfer and secure the silicon nanowire meshes. We believe that 

metal electrodes are likely to be held on non-adhesive surfaces by Van der Waals forces, 

since the MTP method does not work well for smooth substrates such as glasses and 

papers. Furthermore, similar to the DTP method, almost all the transferred nanowire 

mesh devices on the insulation tape and petri dish show I-V signals and about 30-40% of 

device have linear I-V curves (Fig. 3-4c). These encouraging results suggest that the 

MTP method has great potential to be a simple and reliable method to fabricate nanowire 

mesh devices on diverse substrates.     
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Figure 3-4. Fabricating nanowire devices using the MTP method. (a) Illustration of 

the steps for the MTP method. (1
st
 column: Pressing down a thermal release tape to the 

prefabricated electrodes  Peel off the thermal release tape with electrodes  Pressing 

down the thermal release tape/electrodes to a target substrate  The thermal release tape 

is thermally released at 90 °C, 2
nd

 column: nanowires on the growth substrate  

Hydrofluoric (HF) etching to remove the native silicon dioxide (SiO2) of nanowires  

Pressing down a tape to the nanowires  Peel off the tape with nanowire mesh  

Assembling of the tape/ nanowires and the transferred electrodes) (b) Photographs of 

nanowire mesh devices fabricated by the MTP method on the non-adhesive side of an 

insulation tape (left) and a petri dish (right) (c) The I-V curves of the p-type silicon 

nanowire mesh devices fabricated on the insulation tape (left) and the petri dish (right) 

are both linear.  
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3.3 Applications of the transferred nanowire devices 

 

The three transfer-printing methods discussed above significantly broaden the types of 

substrates that nanowire devices can be fabricated on and, hence, will allow nanowire 

devices to be used for a wide range of applications such as strain/stress measurements in 

cell biology, biomedical devices and piezotronic sensors.36,37 To demonstrate these 

potentials, we have fabricated a piezoresistive sensor with p-type silicon nanowire (40 

nm, 4000:1) by the STP method on a flexible PDMS substrate (Fig. 3-5a). The sensing 

principle is based on the piezoresistive property of silicon37 whereby the electrical 

conductivity of silicon nanowires changes when silicon nanowires are deformed under 

applied stresses. To test this sensor, the electrical properties of the silicon nanowire 

sensor were measured while mechanical strains were applied to the flexible sensor at 

room temperature (Appendix F). Experimental results are shown in Fig. 3-5b, in which it 

can be clearly seen that the conductance of the silicon nanowires decreases under tension 

and increases under compression. This trend is consistent with the piezoresistive behavior 

of epitaxially grown p-type silicon nanowires tested by four-point bending experiments37 

and the piezoresistive behavior of bulk silicon.38,39 Importantly, the conductance of the 

silicon nanowires returned to its original value once the stress was released (Fig. 3-5b, 

inset), confirming the robustness of nanowire devices fabricated by the STP method.  

 

To further demonstrate the reliability of nanowire devices fabricated by the transfer-

printing methods, we have transferred and printed a silicon nanowire temperature sensor 

device on a SiO2 (600 nm)/Si wafer using the MTP method. The sensing elements are 20 
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nm intrinsic silicon nanowires (i-SiNWs) grown by the VLS method (Appendix A). The 

conductance of these i-SiNWs increases with increasing temperature as more charge 

carriers are thermally excited, thereby allowing the temperature to be measured.40  The 

conductance of the i-SiNWs was measured over a temperature range of 25-150°C 

(Appendix F) and the results are illustrated in Fig. 3-5c. It can be seen that the 

conductance of the i-SiNWs is higher at elevated temperatures, a result that is 

qualitatively consistent with similar measurements on bulk intrinsic silicon.40,41 Moreover, 

the I-V curves remain linear over the entire range of temperatures tested, providing 

further evidence for the excellent quality and robustness of nanowire devices fabricated 

by the transfer-printing methods.  

 

It should be noted that although poor metal and nanowire contact can also lead to the 

resistance change observed during bending and heating, it is unlikely to be the major 

reason here because contact resistance change typically exhibits hysteresis and the I-V 

curves are unlikely to recover to the original ones after bending or heating, as observed 

here.  
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Figure 3-5. Applications of silicon nanowire devices fabricated by the transfer-

printing methods. (a) Photograph and schematic figure (inset) of experimental setup for 

testing the piezoresistive p-type silicon nanowire sensor. The silicon nanowire device was 

fabricated on PDMS by the STP method. (b) The conductance of the p-type silicon 

nanowires (40 nm, 4000:1) increases under compressive stresses and decreases under 

tensile stresses. The inset shows that the I-V curve recovers to its original values when 

the stresses are released. (c) Temperature sensing with the i-type silicon nanowire (20 nm) 

device fabricated by the MTP method. The conductance of the i-type silicon nanowires 

increases with increasing temperature.  
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3.4 Conclusion 

 

In summary, we have demonstrated that the three new transfer-printing methods (STP, 

DTP and MTP) are simple and reliable processes for fabricating nanowire devices on a 

variety of substrates, especially on flexible and/or transparent substrates including PDMS, 

petri dishes and many types of adhesive tapes. Nanowire devices fabricated by the 

transfer-printing methods exhibit several key features, including ohmic contacts between 

nanowires and metal electrodes, controllable density of nanowires per device, variable 

resolutions of electrode gaps from 3 μm up to 25 μm, and robustness against bending and 

heating. Moreover, nanowire devices fabricated by the transfer-printing methods are 

functional and reliable devices as demonstrated by our studies of flexible piezoresistive 

silicon nanowire sensors on PDMS and silicon nanowire temperature sensors. 

Nevertheless, there are still issues needed to be addressed for these transfer methods, 

such as improving the metal contact quality, increasing the device yield, exposing 

embedded nanowires on PDMS for sensing applications, enabling fabricating single 

nanowire devices or multi-layered nanowire devices (e.g., field effect transistors) with 

controlled nanowire orientation. Lastly, these transfer-printing methods can be also 

extended to pattern electrodes for organic electronics, reducing the need to protect the 

organic compounds during the fabrication process. Other possible future applications 

using these transfer printing methods are also discussed. For examples, the STP method 

can be used to build a prototype sample for scientific study of mechanical and/or 

electrical properties of diverse one-dimensional nanostructures under strain by fabricating 

the well-controlled structures on bendable substrates (i.e., Fig. 3-1c). In addition, the DTP 
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and MTP methods can be applied to integrate the nanowire mesh structures (i.e., Fig. 3-

3b) with optoelectronics used for transparent and conductive electrodes by replacing the 

silicon nanowires with metallic nanowires, such as silver nanowires. Similar approach for 

the applications in transparent and conductive electrodes is thoroughly reviewed in ref 

(42).  
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Chapter 4. Peel-and-Stick Process (Water-assisted 

Transfer Printing) 

 

Applications of the adhesion-based transfer printing methods in Chapter 3 are limited by 

the mechanical damages of the thin-film devices due to high mechanical peel-off stresses. 

To resolve this problem, we develop a novel peel-and-stick process, or water-assisted 

transfer printing method, that enables the defect-free transfer of the nanowire based thin-

film devices from rigid and opaque silicon substrates to a wide variety of 

nonconventional substrates, such as paper, plastics, tapes, glass, polydimethylsiloxane 

(PDMS), aluminum foil, and ultrathin polymer sheets. The peel-and-stick process relies 

on the phenomenon of water penetrating into the interface between nickel (Ni) and 

silicon dioxide (SiO2). The transfer yield is nearly 100%, and the transferred devices, 

including nanowire resistors, diodes, and field effect transistors, maintains their original 

geometries and electronic properties with high fidelity.  

 

Significant components of this section were published as C. H. Lee, D. R. Kim and X. L. 

Zheng, "Fabrication of nanowire electronics on nonconventional substrates by water-

assisted transfer printing method", Nano Letters, 11, 3435-3439 (2011). 
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4.1 Background 

 

Nanowires, due to their unique mechanical and electrical properties,1, 2 have been widely 

proposed as building blocks for high performance flexible/transparent electronics,3-6 but, 

other than on bulk wafers, their devices have been fabricated only on plastic, glass, and 

thick polyimide (> 20 μm thick) layers.5-8 Fabrication of nanowire electronic devices on 

nonconventional substrates will enable the utilization of many desired properties of the 

substrates, such as flexibility, transparency, biocompatibility, conductivity, and low cost, 

and hence benefit a range of technologies, such as flexible displays,9 paper electronics,10 

solar cells,11 conformal sensors,12 and bio-integrated electronics.13 Towards this goal, 

traditional approaches directly conduct lithography on the desired substrates, so the 

choice of substrates is limited by processing temperature, compatibility with chemicals, 

and handling requirements.3-5 Another notable approach, transfer printing methods, uses 

elastomer to transfer materials from donor to receiver substrate using the fact that the 

transferred materials have best adhesion to the receiver substrate, followed by the 

elastomer, and then the donor substrate.14, 15 Nevertheless, the transfer of multiple layers 

with high fidelity using the transfer printing methods is still challenging due to 

difficulties in controlling the delicate adhesion differences between different layers and 

substrates. An alternative approach involves the lift-off of thin film devices prefabricated 

on bulk wafers using a sacrificial layer that is removed by either chemical etching 

assisted by etch holes or thermal melting, but this method requires the devices to tolerate 

harsh etchants and thermal stress.12, 16-20 To date, none of the existing methods can 

fabricate nanowire electronic devices on any nonconventional substrates at a wafer scale 
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with high yield. Here, we present a simple, versatile, and wafer-scale peel-and-stick 

process that enables integration of nanowire devices onto diverse nonconventional 

substrates that were not easily accessible before, such as paper, plastics, tapes, glass, 

polydimethylsiloxane (PDMS), Al foil, and ultrathin polymer substrates. The transfer 

yield is nearly 100%, and the transferred devices maintain their original geometries and 

electronic properties with high fidelity.  
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4.2 Peel-and-stick process  

 

The peel-and-stick process relies on the phenomenon of water penetrating into the 

interface between nickel (Ni) and silicon dioxide (SiO2), which leads to lift-off of the Ni 

layer from a SiO2/Si donor substrate.21 The peel-and-stick process is schematically 

illustrated in Fig. 4-1. First, a thin Ni layer (300 nm thick) is deposited on a SiO2/Si wafer 

and a thin layer of polyimide (800 nm) or silicon nitride (SiN, 300 nm) is deposited on 

top to function as an insulating and supporting layer for the nanowire devices. 

Subsequently, arrays of the nanowire devices are fabricated on top of the insulating layer 

by conventional photolithography. A thermal release tape as a temporary holder is then 

attached to the top of the substrate with a layer of spin-casted poly(methylmethacrylate) 

(PMMA) in between to prevent the nanowire devices from polymer contamination by the 

tape (Fig. 4-1a, (i)). Next, the whole structure is soaked in DI water at room temperature, 

followed by the peel-off of an edge of the thermal release tape to initiate the penetration 

of water. Within 3~4 seconds, the entire structure separates at the interface between Ni 

and SiO2, and thereby the nanowire devices are separated from the silicon wafer and 

sandwiched between the Ni layer and the thermal release tape (Fig. 4-1a, (ii)). The Ni 

layer is then etched away by Ni etchant (Fig. 4-1a, (iii)). Finally, the TRT carrying the 

structure (PMMA/nanowire devices/insulating and supporting layer) is pasted onto any 

target substrates, for which non-adhesive target substrates are pre-coated with a thin 

adhesive layer, such as PDMS or polyvinyl alcohol (PVA), for the purpose of adhesion, 

planarization, and strain-isolation.22, 23 Afterwards, the thermal release tape is released 

from the structure by heating at 90ºC for 5~6 seconds, followed by dissolution of the 
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PMMA with acetone, leaving only the nanowire devices on the target substrate (Fig. 4-

1b). Alternatively, nanowire devices on ultrathin polyimide substrate are achieved simply 

by releasing the thermal release tape and dissolving the PMMA without any target 

substrates (Fig. 4-1c). 

 

The present peel-and-stick process offers several key advantages comparing to previous 

methods. First, since the peel-and-stick process requires no harsh chemicals and applies 

negligible mechanical/thermal stresses on the target substrates, almost any substrates can 

be used as long as they can withstand the heating temperature (90oC) for releasing the 

thermal release tape and the acetone for dissolving the PMMA. Second, the peel-and-

stick process is highly scalable and reliable. We successfully transferred 4-inch wafer-

scale areas of microelectrodes to diverse nonconventional substrates with high fidelity to 

their original shapes (i.e., straight and round edges), thicknesses (80 nm to 250 nm), 

feature sizes (dimension from 30 μm to cm), and electrode gap distances (down to 3μm, 

which is limited by the resolution of photolithographic equipment, not by the peel-and-

stick process) (Appendix G). Significantly, the transfer yield is nearly 100% with 

regardless of feature geometries and materials. More importantly, when the peel-and-

stick process is used to transfer the nanowire devices, the electric properties of the 

nanowire devices are also preserved after the transfer. Last, the peel-and-stick process is 

very fast in that a 4-inch wafer-scale of nanowire devices is separated from the donor 

substrate within 3~4 seconds in water at room temperature (Appendix H). In addition, the 

original donor SiO2/Si wafer is clean and reusable after the transfer, which is a major 

cost-saving factor.  
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Figure 4-1.  Illustration of the peel-and-stick process for transferring the nanowire 

devices to nonconventional substrates. (a) (i) Prefabricated nanowire devices on the 

donor substrate  (ii) Peel-off in water  (iii) Etch the Ni layer. (b) The transferred 

nanowire devices on a target substrate with the insulating layer in between. (c) The 

transferred nanowire devices on a ultrathin polyimide substrate (~800 nm thick).  
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4.3 Characterizations of the transferred nanowire devices  

 

To illustrate these features of the peel-and-stick process, we applied the peel-and-stick 

process to transfer a range of nanowire electronic devices, such as resistors, diodes, and 

field effect transistors (FETs), onto diverse nonconventional substrates with desired 

properties, such as flexibility (e.g., tapes and Post-it® notes), transparency (e.g., glass and 

PDMS), and conductivity (e.g., Al foil and conductive tapes that can be used as back gate 

electrodes of the nanowire FETs). Figure 4-2a shows representative optical images and 

current-voltage (I-V) curves of nanowire electronic devices transferred to the Post-it® 

notes, glass, and Al foil. Closer SEM inspection (Fig. 4-2b) shows that the peel-and-stick 

process produces no visible damage to the silicon nanowires and the metal electrodes. 

Furthermore, all the I-V curves (Fig. 4-2a), including those of nonlinear ones (Appendix 

I), remain almost the same after the transfer, suggesting that the peel-and-stick process 

generates negligible mechanical/thermal stresses to the nanowires and the metal 

electrodes. More importantly, the transferred nanowire electronics clearly show linear, 

rectifying, and gate-modulated behaviors as expected for the nanowire resistors, diodes, 

and FETs, respectively (Fig. 4-2a). The transconductance of the transferred silicon 

nanowires are 148 nS on the Al foil and 74 nS on conductive carbon tape (Appendix J), 

comparable to those observed in silicon nanowire FETs fabricated on a planar SiO2/Si 

wafer by electron beam (e-beam) lithography with a transconductance ranging from 45 to 

800 nS.24, 25  
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Figure 4-2. Characterizations of the trasnferred nanowire devices.  (a) Representative 

I-V curves of the nanowire resistors (left) and the nanowire diodes (middle) before (black 

lines) and after (red dots) the transfer to Post-it® note and glass. The transferred 

nanowire FETs onto the Al foil (right) are clearly modulated by the applied gate voltages 

ranging from -20V to +20V. Insets provide photographs of the transferred nanowire 

devices. (b) SEM images of the transferred nanowire devices on tape, glass, and Al foil.  
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4.4 Fabrication of ultrathin nanowire devices 

 

The peel-and-stick process was applied to fabricate nanowire devices on an ultrathin 

sheet of polyimide, which was achieved by releasing the thermal release tape and 

dissolving the PMMA without any target substrates (Fig. 4-1c). The lifted ultrathin 

polyimide sheet (800 nm thick) with the nanowire devices on top can be mounted onto 

soft and curved surfaces, potentially such as biological tissues, and the highly conformal 

interface between the nanowire devices and the tissues is important for improving the 

signal-to-noise ratios for biosensing applications.12 To demonstrate the conformal coating 

capability, the ultrathin polyimide sheet with the nanowire devices on top was wrapped 

around two finger tips (Fig. 4-3a, left). Moreover, the polyimide sheet can be released 

from the finger tips by soaking in water and loaded repeatedly onto other surfaces such as 

a squeezed plastic bottle (Fig. 4-3a, right), demonstrating the mechanical robustness and 

conformability of the ultrathin sheet. Representative SEM images (Fig. 4-3b) clearly 

show that the metal electrodes are smoothly wrinkled following the deformation of the 

polyimide sheet, and the nanowires bridged between the metal electrodes have no visible 

damage after the transfer. Moreover, the I-V curves of the nanowire devices are almost 

identical before and after the transfer, confirming that the nanowire devices are intact 

during the peel-and-stick process. Given the conformability, robustness, and 

biocompatibility of the polyimide substrate, we believe that the ultrathin nanowire FETs 

can be applied as conformal ultrasensitive biosensors for biological tissues.12 
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Figure 4-3. Characterizations of the ultrathin nanowire devices.  (a) Photographs of 

the transferred nanowire devices on top of an ultrathin polyimide sheet. The polyimide 

sheet is wrapped around gloved finger tips (left) and a squeezed plastic bottle (right). (b) 

SEM images of the transferred nanowire devices on the ultrathin polyimide substrate. (c) 

I-V curve of the nanowire devices before (black lines) and after (red dots) the transfer to 

the ultrathin polyimide sheet. 
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4.5 Mechanism study of peel-and-stick process 

 

Finally, we investigated the mechanism for the separation of the Ni layer from the 

SiO2/Si wafer in the presence of water. We believe that Ni reacts with SiO2 during the Ni 

deposition process by e-beam evaporation, forming Ni silicate or Ni oxide. When the Ni 

silicate or Ni oxide contacts water, Ni hydroxide (Ni(OH)2) is formed, and thus its 

surface becomes hydrophilic. On the other side of the split interface, the SiO2 surface is 

terminated with –H and/or -OH groups when in contact with water, and becomes 

hydrophilic as well. Consequently, water can quickly penetrate into the interface between 

the two hydrophilic surfaces, leading to the separation of the Ni layer from the SiO2/Si 

wafer. To further test this, we deposited an array of circular Ni patterns (3 μm in diameter) 

on the SiO2/Si wafer by the e-beam evaporation, followed by the water soaking process 

(Fig. 4-4a). The SEM (top) and atomic force microscopy (AFM) (bottom) images in Fig. 

4-4b clearly show that the water soaking process detaches the Ni circles from the donor 

substrate with some Ni residues left at the edges. Moreover, figure 4-4c shows that the 

average height along the centerline on the donor substrate is lower inside than outside the 

circle (Appendix K). Further AFM measurements of 24 randomly chosen circles indicate 

that the average height inside the original Ni circle on the donor substrate is 

approximately 2.45 Å lower than that of outside. These results confirm that the top 

surface of the SiO2 layer is consumed by reacting with the Ni, supporting the above 

reaction mechanism. Further investigations of the mechanisms are described in Chapter 5.   
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Figure 4-4.  Mechanism study of the peel-and-stick process method.  (a) Illustration 

of the peel-and-stick process for detaching the patterned Ni circles. (b) Representative 

SEM (top) and AFM (bottom) images after the peel-and-stick process of the Ni circles. (c) 

The result of the AFM measurement showing that the averaged height is lower inside 

than outside of the Ni circle. The height peaks at edges of the Ni circle denote Ni residues 

after the peel-and-stick process, and they were used to locate the Ni circles during the 

AFM measurements.  
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4.6 Conclusion 

 

In summary, we developed a water-assisted transfer printing method to integrate 

nanowire electronic devices on diverse nonconventional substrates. The peel-and-stick 

process requires no harsh fabrication processes on the target substrates, enabling the use 

of many nonconventional substrates that were not accessible before. The peel-and-stick 

process has the advantages of simplicity, low cost, nearly 100% transfer yield regardless 

of the transferred materials and feature geometries, and high fidelity to the original 

devices after the transfer. The peel-and-stick process will endow electronic devices with 

desirable properties through their nonconventional substrates, such as flexibility, 

conformability, transparency, adhesion, conductivity, and biocompatibility, and thereby 

impact a range of applications, such as biosensing, flexible displays, robotics, and energy 

conversion systems. We believe that the peel-and-stick process can also be used to 

transfer electronic devices based on other nanomaterials (e.g., carbon nanotubes and 

graphene), thin-film devices (e.g., thin-film transistors, thin-film solar cells), and vertical 

devices (e.g., vertical nanowire FETs) to nonconventional substrates. 
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Chapter 5. Mechanism Study of Peel-and-Stick 

Process 

 

Broad applications of peel-and-stick process require the understanding of the 

fundamental mechanism to achieve customized, controllable and reproducible results for 

scalable manufacturing of diverse flexible/transparent electronic devices. In this chapter, 

we investigate the mechanism of peel-and-stick process by measuring various metal-SiO2 

interfacial adhesion energies in air and in water. This investigation illustrates that the 

fundamental working principle of the peel-and-stick process is based on the water-

assisted subcritical debonding, for which water reduces the critical adhesion energy of 

metal-SiO2 interface by 70~80%. The easy debonding between metal and SiO2 in water 

leads to the clean transfer of electronic devices with high fidelity. 

 

Significant components of this section are submitted as C. H. Lee, et al., "Mechanism of 

water-assisted transfer printing process for efficient fabrication of flexible thin-film 

electronics”. 
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5.1 Background  

 

Fabrication of flexible/transparent thin-film electronic devices on non-silicon based 

substrates faces the critical mismatch challenge between device fabrication conditions 

and the tolerable conditions for non-silicon based substrates in terms of maximum 

temperature and chemical compatibility.1-3 Such a challenge is mitigated by transfer 

printing methods that pick up semiconducting micro/nanomaterials processed on a donor 

substrate and place them onto a receiver substrate in a massive parallel and deterministic 

manner.3-5 Transfer printing methods have enabled the fabrication of flexible/transparent 

electronic devices, ranging from bio-integrated conformal sensors,6,7 curvilinear 

optoelectronics8 to transient electronics.9 Recent advances in transfer printing methods 

are reviewed thoroughly in Ref (3). Though promising, current transfer printing methods 

are mainly used to transfer a monolayer of materials, so post-fabrication processes, such 

as lithography and metal deposition, need to be conducted on the receiver substrates to 

complete the functional electronic devices. Hence, these post-fabrication processes still 

face the constraints associated with temperatures and chemicals posed by the inherent 

properties of the receiver substrates. 

 

While most existing transfer printing methods transfer a monolayer of materials, we 

recently developed a peel-and-stick process, or water-assisted transfer printing (WTP), to 

transfer fully fabricated electronic devices from a donor substrate onto an arbitrary 

receiver substrate.10,11 The peel-and-stick process involves three steps (Appendix L): 1) 

Fabricating thin-film electronic devices on a metal film (e.g., Ni, Cu) coated SiO2/Si 
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wafer, 2) Peeling-off the metal film together with the top electronic devices from the 

SiO2/Si wafer in water, and 3) Sticking the peeled electronic devices onto an arbitrary 

receiver substrate by using commercial adhesive agents. With the peel-and-stick process, 

we and other groups have successfully transferred a range of electronic devices, including 

nanowire electronic devices,10 amorphous Si thin-film solar cells,11 memory devices12 

and magnetic nano-devices,13 to diverse receiver substrates such as papers, glasses, 

rubbers, fabrics, plastics and even ultrathin polymer sheets (< 1 μm thick). All of these 

studies demonstrated that the peel-and-stick process can transfer functional thin-film 

electronic devices with almost a 100% yield without degrading the device performance.  
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5.2 Environment-assisted subcritical debonding phenomena 

 

Broader applications of the peel-and-stick process requires the understanding of its 

fundamental mechanisms in order to achieve customized, controllable and reproducible 

results for scalable manufacturing of diverse flexible/transparent thin-film electronic 

devices. In this study, we investigate the fundamental mechanism of the peel-and-stick 

process by measuring critical adhesion energies of various metal-SiO2 interfaces in air 

and in water. The results show that the presence of water greatly reduces the critical 

adhesion energies of the metal-SiO2 interface, leading to facile debonding of the metal 

film from SiO2/Si wafer in water. The effect of water on the critical adhesion energies of 

the metal-SiO2 interfaces is further confirmed by our molecular dynamics (MD) 

simulations using the ReaxFF reactive force field.14 We believe that the easy and clean 

debonding behavior of the metal-SiO2 interface in water used in the peel-and-stick 

process is closely related to the environment-assisted subcritical debonding.15-20 The 

environment-assisted subcritical debonding refers to interfacial fracture that occurs at the 

debond driving energy (G) well below the critical adhesion energy (Gc), and it results 

from stress accelerated chemical reactions between environmental species (e.g., H2O 

molecules) and strained bonds (e.g., Si-O-Si) at the crack-tip.15 The subcritical debonding 

behavior has been observed for a wide range of materials such as glasses,16,17 ceramics21 

and polymers22 for several decades and it is usually undesirable and responsible for the 

failure of a range of thin-film structures. Instead, the peel-and-stick process takes 

advantage of the environment-assisted subcritical debonding to cleanly peel-off a Ni film, 

together with the thin-film electronic devices fabricated on top, from the donor Si wafer. 
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5.3 Critical adhesion measurements 

  

In order to verify that the working principle of the peel-and-stick process is indeed based 

on the environment-assisted subcritical debonding, we measure the debond growth rates 

of the Ni-SiO2 interface in air and in water by the standard double-cantilever-beam test,23 

which is equipped with a high-precision micromechanical test system (Appendix M). The 

double-cantilever-beam test specimen contains a 300 nm thick Ni film that is deposited 

by an electron beam evaporation on a silicon wafer (~525 μm thick) with a thermally 

grown SiO2 layer (300 nm), and the exposed Ni surface is capped with another Si wafer 

using an epoxy (Appendix M). In Fig. 5-1, the measured debond growth rate (da/dt) is 

plotted as a function of the applied debond driving energy (G) for the Ni-SiO2 interface in 

air with a 20% relative humidity (red dotted line) and in water (blue dotted line) at 21°C. 

The end point of the da/dt curve corresponds to the interface fracture point and the 

corresponding driving energy is the critical adhesion energy (Gc). The Gc value of Ni-

SiO2 is about 0.31 J/m2 in water, which is around 80% lower than that in air (~1.37 J/m2), 

confirming that water indeed significantly reduces the required mechanical peel-off 

forces for separating Ni film from SiO2 surface in the peel-and-stick process. As a 

comparison, the critical adhesion energy of the as-grown monolayer of graphene-Cu 

interface is around 0.72 ± 0.07 J/m2  for which the interfacial bonding is through the 

relative weak van der Waals forces.23 Therefore, the extremely low critical adhesion 

energy of the Ni-SiO2 interface in water is the main reason for the easy and clean 

debonding of Ni film together with thin-film electronic devices from the SiO2 surface in 

the peel-and-stick process. As shown in Fig. 5-1b, the SiO2 surface is clean and defect-
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free after the peel-off process of the Ni film in water, but it is covered by visible Ni 

residue spots after peeling off the Ni film in air owing to the higher mechanical stress.  
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Figure 5-1.  Debond growth behaviors of the Ni-SiO2 interface. (a) Debond growth 

rate (da/dt) as a function of the debond driving energy (G) for the Ni-SiO2 interface in 

water (blue squares) and in air with a 20% relative humidity (red triangles) at 21°C. Inset 

schematic shows the double-cantilever-beam specimen geometry used for the 

measurements. (b) Optical inspection of defects for the delaminated surfaces after the 

debond test in water (left) and in air (right). 
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5.4 Molecular dynamics (MD) simulations 

 

The effect of water on the critical adhesion energy on the Ni-SiO2 interface is further 

studied by MD simulations using ReaxFF reactive force field.14,24,25 The MD simulations 

investigate the interaction of the Ni film and SiO2 surface under three conditions: dry-air, 

low-moist and high-moist environments (Appendix N). The amount of moisture content 

is reflected by the initial surface hydroxyl groups (-OH) covered on the Ni surface and 

hydrogen terminated SiO2 surface. The Ni film and SiO2 surface are initially placed near 

to each other and then gradually pulled part by increasing their mass center distance in 

the MD simulations. Figure 5-2a plots the calculated system potential energy (reference 

to the initial state) as the mass center distance between the Ni film and SiO2 surface is 

increased to 20 Å. The system potential energies in all three environments initially 

increase and then decrease before relaxing to their final states as the mass center 

distances approach to 20Å, indicating that the system interfaces go through a series of 

chemical reactions causing by significant rearrangement of the structure. Importantly, the 

peak system potential energy values, which are related to the critical adhesion energy, 

decrease in the order of dry-air (600~800 kcal/mol of Ni-O-Si bond, blue dotted line), 

low-moist environment (500~600 kcal/mol of Ni-O-Si bond, red dotted line), and high-

moist environment (300~400 kcal/mol of Ni-O-Si bond, green dotted line). The greatly 

lowered potential energy barrier with moisture supports our double-cantilever-beam tests 

(Fig. 5-1) in that water significantly reduces the critical adhesion energy of Ni-SiO2 

interface. Finally, the snapshot images during the MD simulations (Fig. 5-2b) clearly 

show that high moisture leads to less interfacial bonding at the peak potential energy state 
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(P) and less Ni residues on SiO2 surface at the final state (F), agreeing well with the 

experimental observations in Fig. 5-1b.  
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Figure 5-2. Molecular Dynamics (MD) simulations of the peel-off process. (a) 

Comparison of the system potential energy as increasing the mass center distance 

between Ni layer and SiO2 layer in dry-air (blue dotted line), low-moist (red dotted line) 

and high-moist (green dotted line) environments. (b) Snapshots corresponding to the peak 

state (P) and final state (F) in the three different environments, respectively.  
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5.5 Associated molecular reaction mechanisms 

 

Both double-cantilever-beam tests and MD simulations indicate that the peel-and-stick 

process is controlled by the environment-, or more precisely water-, assisted subcritical 

debonding that is caused by accelerated chemical reactions between the highly strained 

surface bonds at the crack-tip (e.g., Si-O-Si) and the environmental species (e.g., H2O 

molecules).15,16 Previous studies of the water-assisted subcritical debonding phenomenon 

on the bulk glass (SiO2/SiO2 interface) suggested that water has a strong polar interaction 

with the strained Si-O-Si crack-tip bonds, leading to the rupture of the hydrogen bond in 

water and the formation of surface Si-O-H groups on both sides of the fractured 

surfaces.16,18 In the peel-and-stick process, the Ni-O-Si bond is believed to form during 

the deposition of Ni film. During the peel-off process in water, the applied mechanical 

peel-off stress deforms the Ni-O-Si crack-tip bond that readily reacts with H2O molecules 

to form Ni-O-H and Si-O-H on each side of the fractured surface (Fig. 5-3a). To verify 

this, we compare the surface topography of two SiO2 surfaces with/without going through 

the Ni peel-off process in water. The left side of the atomic force microscopy (AFM) 

image in Fig. 5-3b corresponds to the topography of the native SiO2 surface without 

going through the peel-and-stick process, and the right circled area in Fig. 5-3b matches 

with the transformed SiO2 surface after a sequential deposition and peel-off in water of a 

circular Ni disk (300 nm thick and 3 µm in diameter). It is clear that the right circled SiO2 

surface is smoother than the native SiO2 surface, indicating that the surface is modified 

by the peel-and-stick process. It should be noted that the circular wall in Fig. 5-3b 

corresponds to the Ni residue at edges of the Ni disk after the peel-and-stick process and 
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is used to locate the modified SiO2 surface during the AFM measurements. Figure 5-3c 

plots the differences of the average surface height (Δh) between the native SiO2 surface 

(left in Fig. 5-3b) and the modified SiO2 surface (right in Fig. 5-3b) within a defined area 

(0.7 μm Х 0.7 μm) for 16 different samples. The average surface height differences range 

from nearly 0 Å to about -2.1 Å with an average of -1.2 ± 0.5 Å. The nearly zero height 

difference corresponds to the mechanism described in Fig. 5-3a, (i.e., strained Ni O

Si  H O  Ni OH Si OH). Given that the Si-O bond length is about 1.65 Å (blue 

dotted line in Fig. 5-3c), the larger height difference in the two SiO2 surfaces indicates 

that water can also access and react with the strained Si-O-Si bond located at the 2nd 

atomic layer from the top surface of SiO2 (Fig. 5-3d). Such interaction is especially 

prominent for the surface area with convexed topography, leading to the smoothing of the 

SiO2 surface on the right side (Fig. 5-3b). In both cases (Fig. 5-3a and 5-3d), the 

delaminated surfaces are terminated with hydroxyl (-OH) groups and are hydrophilic, 

which facilitates the further adsorption of H2O molecules and continuous reactions along 

the Ni-SiO2 interface.  
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Figure 5-3. Associated molecular reaction mechanisms for the peel-and-stick process. 

(a) Reaction between a water molecule and a strained Si-O bond at crack-tip. (b) An 

atomic force microscopy (AFM) image for corresponding SiO2 surfaces without (left side) 

or with (right side) going through the peel-and-stick process. (c) Average height 

differences (Δh) between the left side and right side of the SiO2 surface in Fig. 3b. (d) 

Reaction between a water molecule and a strained Si-O-Si bond located at the 2nd atomic 

layer from the top SiO2 surface.  
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5.6 Extension of metal-SiO2 combinations 

 

With the understanding of the fundamental working principles, we can improve the 

generality and controllability of the peel-and-stick process to accommodate different 

transfer needs. The water-assisted subcritical debonding should occur for different metal-

SiO2 interfaces. In Fig. 5-4a, two other metal films of Ti (red) and Cu (green) are tested 

respectively as a debonding layer on a thermally grown SiO2 surface in comparison to Ni 

(blue). The measured critical adhesion energy for the Ti-SiO2 interface in air with a 

relative humidity of 20%, due to its inherent strong interaction, is about three times 

higher than those of the Ni-SiO2 or Cu-SiO2 interfaces.26 More importantly, for all three 

cases, the critical adhesion energies in water are about 1/2 to 1/4 of those in air.  

 

In addition to the various metal choices, the peel-and-stick process is equally applicable 

to different types of SiO2 surfaces. Figure 5-4b shows the critical adhesion energies in air 

with a 20% relative humidity and in water at 21°C between a 300 nm thick Ni film and 

different types of SiO2 surfaces, including spin-on-glass (red), soda-lime glass (blue), 

native SiO2 (green) and thermally grown SiO2 (purple). The commercial spin-on-glass 

(Futurrex®, IC1-200) has the highest critical adhesion energy in air (~3.6 J/m2) and in 

water (~1.5 J/m2) due to its inherent strong adhesive properties. And thus, the 

delaminated surfaces after the double-cantilever-beam test show clear signs of defects 

(Appendix O). The soda-lime glass (Fisher Scientific®) has slightly higher adhesion 

energy in air, but significantly higher adhesion energy in water in comparison to the 

native and thermally grown SiO2. The smaller reduction of critical adhesion energy by 
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water for the soda-lime glass is likely because it contains other chemical compositions in 

addition to SiO2, implying that SiO2 is more susceptible to the water reaction than other 

chemical compositions. The native SiO2 and thermally grown SiO2 layers have similar 

low critical adhesion energies both in air and in water, so these two SiO2 surfaces are 

most suitable for high quality peel-and-stick process. Importantly, regardless of the 

metal-SiO2 combinations, water clearly reduces the critical adhesion energy (Fig. 5-4). It 

should be noted that the critical adhesion energy can be further reduced by varying other 

environmental factors, such as temperatures, pH values, environmental species, film 

thicknesses and residual stresses.17,18 Therefore, the peel-and-stick process can be 

implemented with various combinations of metal-SiO2 interfaces and carried out under 

controlled environmental conditions to accommodate diverse transfer needs for the 

fabrication of flexible/transparent thin-film electronic devices. 
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Figure 5-4. Critical adhesion energy (Gc) in air with a 20% relative humidity and in 

water at 21°C for (a) interface between thermally grown SiO2 and Ti, Ni and Cu, 

respectively and (b) interface between Ni and various SiO2, including spin-on-glass, 

soda-lime glass, native SiO2 and thermal SiO2.  
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5.7 Key features of peel-and-stick process 

 

Finally, we demonstrate several important features of the peel-and-stick process to 

illustrate its potential for manufacturing high-performance thin-film electronic devices on 

flexible/transparent substrates. First, the peel-and-stick process can transfer materials and 

devices processed at high temperatures for high-performance electronics, since both SiO2 

and metal (i.e., Ni has a melting temperature of 1455oC) can sustain relatively high 

temperatures. To illustrate this, a thin poly-silicon (poly-Si) film is coated on a Ni-coated 

SiO2/Si wafer by the solid phase recrystallization of amorphous Si at 620ºC, and a 

flexible polyimide (10 μm) with maximum allowable temperature of around 350ºC is 

subsequently spin-coated on top of the poly-Si film as a receiver substrate (Fig. 5-5a, 

schematic). Next, the Ni film is peeled off manually from the SiO2 surface in water and 

chemically etched away for optical inspection. The optical image in Fig. 5-5a shows that 

the delaminated poly-silicon film appears clean and defect-free. The critical adhesion 

energy of this particular Ni-SiO2 interface structure is also significantly lowered by water 

(Fig. 5-5b), and its adhesion energy in water is 0.56 ± 0.04 J/m2 which is slightly higher 

than the bare Ni-SiO2 interface (0.35 ± 0.11 J/m2 as shown in Fig. 5-4a). This difference 

results from the high temperature annealing process of poly-Si film that induces 

additional residual stress on the Ni film, increasing the critical adhesion energy27. 

Nonetheless, the reduced critical adhesion energy in water is still low enough for 

successful peel-and-stick process. Furthermore, the peel-and-stick process is scalable for 

transferring large area thin-film electronic devices because the water-assisted subcritical 

debonding is independent of the surface area. For example, a 4-inch wafer-scale Ni film 
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is cleanly peeled off from a SiO2/Si wafer with the peel-and-stick process (Fig. 5-5c). It 

should be noted that the scalability of the peel-and-stick process ultimately depends on 

the mechanical properties of the transferred materials/devices since the possibility of 

mechanical failure increases with increasing area. Such mechanical issues can be 

alleviated by 1) designing the device structures to improve the overall device 

flexibility28,29 or 2) minimizing the device layer deformation during the water peel-off 

process with a rigid temporary holder. The last important feature of the peel-and-stick 

process is that it can transfer a stack of thin-films of different materials that are 

commonly used for electronic devices. For example, thin-film transistors are consisted of 

different layers of gate metal contacts, dielectrics oxides, semiconductors and 

source/drain metal contacts. Figure 5-5d shows a SEM image of 6-layer-stacked thin-

films that are successfully transferred together from a SiO2/Si wafer to a flexible plastic 

substrate. Note that the delaminated Ni layer is shown on the very top. The multiple 

layers used here consist of representative materials for general electronic devices, such as 

metals (Ni, Al), semiconductor (amorphous silicon), insulating oxides (SiO2) and 

polymer (polyimide), and they are deposited by a range of techniques including electron-

beam evaporation, plasma-enhanced chemical vapor deposition (PECVD) and spin-

coating. Importantly, there is no sign of any crack between the multiple layers because 

the Ni-SiO2 interface has the lowest interfacial adhesion energy in water. These results 

show that the peel-and-stick process has the merits of high-temperature compatibility, 

scalability and multiple-layer-transfer capability.  
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Figure 5-5. Important features of the peel-and-stick process. (a) A schematic (left) of 

the peel-and-stick process to transfer the poly-silicon film processed at 620°C onto a 

flexible polyimide substrate directly deposited on top. An optical image (right) of the 

clean and defect-free surface of the poly-silicon film after the peel-and-stick process. (b) 

Critical adhesion energy (Gc) of Ni-SiO2 interface in air with a 20% relative humidity and 

in water at 21°C for the particular case of transferring the poly-silicon film. (c) An optical 

image of a 4-inch wafer-scale transferred Ni film from a SiO2/Si wafer onto a flexible 

plastic substrate. (d) A SEM image of the transferred 6-layer-stacked thin-films from a 

SiO2/Si wafer to a flexible plastic substrate.  
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5.8 Conclusion 

 

The present study reveals that the fundamental working principle of the peel-and-stick 

process is based on the water-assisted subcritical debonding between metal-SiO2 

interfaces. Both the double-cantilever-beam tests and MD simulations clearly show that 

water significantly reduces the critical adhesion energy of the metal-SiO2 interface, which 

leads to the clean and defect-free transfer of electronic devices from a donor Si substrate 

to any receiver substrate. In addition, the water-assisted subcritical debonding is observed 

for a range of metal-SiO2 interfaces and the critical adhesion energy can be further tuned 

by varying different environment conditions. As such, we believe that the peel-and-stick 

process can be tailored and applied for the scalable manufacturing of diverse 

flexible/transparent thin-film electronics, ranging from organic light emitting diodes, 

inorganic thin film transistors, to many emerging hybrid high-performance thin-film 

electronic devices. 

 

  

114 
 



5.9 Bibliography 

 

1. Kim, M.-G., Kanatzidis, M. G., Facchetti, A. & Marks, T. J. Low-temperature 

fabrication of high-performance metal oxide thin-film electronics via combustion 

processing. Nature Materials 10, 382-388 (2011). 

2. Lee, C. H., Kim, D. R. & Zheng, X. L. Fabricating nanowire devices on diverse 

substrates by simple transfer-printing methods. Proceedings of the National 

Academy of Sciences of the United States of America 107, 9950-9955 (2010). 

3. Carlson, A., Bowen, A. M., Huang, Y., Nuzzo, R. G. & Rogers, J. A. Transfer 

Printing Techniques for Materials Assembly and Micro/Nanodevice Fabrication. 

Advanced Materials 24, 5284-5318 (2012). 

4. Kim, S. et al. Microstructured elastomeric surfaces with reversible adhesion and 

examples of their use in deterministic assembly by transfer printing. Proceedings 

of the National Academy of Sciences of the United States of America 107, 17095-

17100 (2010). 

5. Meitl, M. A. et al. Transfer printing by kinetic control of adhesion to an 

elastomeric stamp. Nature Materials 5, 33-38 (2006). 

6. Viventi, J. et al. Flexible, foldable, actively multiplexed, high-density electrode 

array for mapping brain activity in vivo. Nature Neuroscience 14, 1599 (2011). 

7. Kim, D.-H. et al. Dissolvable films of silk fibroin for ultrathin conformal bio-

integrated electronics. Nature Materials 9, 511-517 (2010). 

8. Jongseung, Y. et al. GaAs photovoltaics and optoelectronics using releasable 

multilayer epitaxial assemblies. Nature 465, 126-131 (2010). 

115 
 



9. Hwang, S.-W. et al. A Physically Transient Form of Silicon Electronics. Science 

337, 1640-1644 (2012). 

10. Lee, C. H., Kim, D. R. & Zheng, X. Fabrication of Nanowire Electronics on 

Nonconventional Substrates by Water-Assisted Transfer Printing Method. Nano 

Letters 11, 3435-3439 (2011). 

11. Lee, C. H. et al. Peel-and-Stick: Fabricating Thin Film Solar Cell on Universal 

Substrates. Scientific Reports 2 (2012). 

12. J. -M. Choi, M.-S. K., M. -L. Seol, Y. -K. Choi. Transfer of functional memory 

devices to any substrate. Phys. Status Solidi RRL, 1-6 (2013). 

13. Donolato, M., Tollan, C., Maria Porro, J., Berger, A. & Vavassori, P. Flexible and 

Stretchable Polymers with Embedded Magnetic Nanostructures. Advanced 

Materials 25, 623-629 (2012). 

14. van Duin, A. C. T., Dasgupta, S., Lorant, F. & Goddard, W. A. ReaxFF: A 

reactive force field for hydrocarbons. Journal of Physical Chemistry A 105, 9396-

9409 (2001). 

15. Birringer, R. P., Shaviv, R., Besser, P. R. & Dauskardt, R. H. Environmentally 

assisted debonding of copper/barrier interfaces. Acta Materialia 60, 2219-2228 

(2012). 

16. Wiederhorn. Influence of Water Vapor on Crack Propagation in Glass. American 

Ceramic Society Bulletin 46, 393- (1967). 

17. Card, J. C., Cannon, R. M., Saiz, E., Tomsia, A. P. & Ritchie, R. O. On the 

physics of moisture-induced cracking in metal-glass (copper-silica) interfaces. 

Journal of Applied Physics 102 (2007). 

116 
 



18. Guyer, E. P. & Dauskardt, R. H. Fracture of nanoporous thin-film glasses. Nature 

Materials 3, 53-57 (2004). 

19. Kook, S. Y. & Dauskardt, R. H. Moisture-assisted subcritical debonding of a 

polymer/metal interface. Journal of Applied Physics 91, 1293-1303 (2002). 

20. Michalske, T. A. & Freiman, S. W. A Molecular Interpretation of Stress-

Corrosion in Silica. Nature 295, 511-512 (1982). 

21. Wiederhorn. Moisture Assisted Crack Growth in Ceramics. International Journal 

of Fracture Mechanics 4, 171-177 (1968). 

22. Seung-Yeop, K. & Dauskardt, R. H. Moisture-assisted subcritical debonding of a 

polymer/metal interface. Journal of Applied Physics 91, 1293-1303 (2002). 

23. Yoon, T. et al. Direct Measurement of Adhesion Energy of Monolayer Graphene 

As-Grown on Copper and Its Application to Renewable Transfer Process. Nano 

Letters 12, 1448-1452 (2012). 

24. Mueller, J. E., van Duin, A. C. T. & Goddard, W. A., III. Development and 

Validation of ReaxFF Reactive Force Field for Hydrocarbon Chemistry Catalyzed 

by Nickel. Journal of Physical Chemistry C 114, 4939-4949 (2010). 

25. Fogarty, J. C., Aktulga, H. M., Grama, A. Y., van Duin, A. C. T. & Pandit, S. A. 

A reactive molecular dynamics simulation of the silica-water interface. Journal of 

Chemical Physics 132 (2010). 

26. Vitos, L., Ruban, A. V., Skriver, H. L. & Kollar, J. The surface energy of metals. 

Surface Science 411, 186-202 (1998). 

27. Nie, P., Shen, Y., Chen, Q. & Cai, X. Effects of residual stresses on interfacial 

adhesion measurement. Mechanics of Materials 41, 545-552 (2009). 

117 
 



28. Dae-Hyeong, K. et al. Optimized Structural Designs for Stretchable Silicon 

Integrated Circuits. Small 5, 2841-2847 (2009). 

29. Kim, S. et al. Imbricate Scales as a Design Construct for Microsystem 

Technologies. Small 8, 901-906 (2011). 

 

 

  

118 
 



Chapter 6. Application of Peel-and-Stick Process 

for Thin-Film Solar Cells 

 

Chapter 3 and 4 demonstrate the peel-and-stick process by fabricating nanowire based 

thin-film electronic devices as our model system. The mechanism study in Chapter 5 

implies that the peel-and-stick process is not only applicable to nanowire based devices, 

but also general thin-film electronics. To demonstrate this, we apply the peel-and-stick 

process to fabricate thin-film solar cells (TFSCs) on flexible, cheap and light-weight 

substrates without changing the thin-film deposition conditions and efficiency. Flexible 

TFSCs mounted on inexpensive and flexible substrates would have significant impact in 

the solar market. Indeed, this would represent a step-out technology that would find 

application in a wide range of mobile, residential and niche markets where lightweight, 

low cost and flexibility are required. Interestingly, there is a wide range of TFSCs 

available with adequate efficiency, but the challenge is finding a robust manufacturing 

procedure to remove the TFSCs from their high temperature processing substrates and 

sandwich them between an inexpensive and flexible substrate and protective 

encapsulation layer without damaging the solar cell. This is a major engineering 

challenge that has been a roadblock to a number of recent startups in the solar market. In 

this chapter, we demonstrate to use the peel-and-stick process for integrating high 

efficient TFSCs onto virtually any substrates, and thereby enable further reduction of the 
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cost and weight for TFSCs and endow TFSCs with flexibility and attachability to greatly 

broaden their application areas.  

 

Significant components of this section were published as C. H. Lee, et al., "Peel-and-

Stick: Fabricating thin-film solar cell on universal substrates", Scientific Reports, 2, 1000 

(2012). 
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6.1 Background  

 

Thin-film solar cells (TFSCs), such as hydrogenated amorphous silicon (a-Si:H), 

cadmium telluride (CdTe) and copper indium gallium selenide (CIGS), are dominantly 

fabricated on Si wafer or glass substrates.1-3 Recently, TFSCs are also fabricated on 

cheaper, lighter or flexible substrates, such as metal foils4 and polyimide5,6 substrates. 

However, the fabrication processes or material deposition conditions for TFSCs typically 

need to be modified to accommodate the temperature limitation and flatness of these 

substrates, which can adversely affect the efficiency and fabrication yield of TFSCs.6-8 

Furthermore, even with the modified fabrication conditions, TFSCs cannot be fabricated 

on even cheaper, lighter, and more flexible substrates, such as paper, textile and rubber, 

because these nonconventional substrates easily deform at as low temperature as around 

120ºC and are not flat and rigid enough for handling.9,10 Fabricating TFSCs on these 

substrates will significantly broaden their application areas, such as portable power 

supplies,11 wearable electronics12 and aerospace applications.13 Therefore, there is a great 

need for developing new methods to fabricate TFSCs on universal substrates, without 

modifying existing fabrication conditions and adversely affecting the efficiency.  
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6.2 Fabrication of thin-film solar cells on cheap, light-weight 

substrates  

 

Herein, we report a peel-and-stick process to fabricate efficient TFSCs onto virtually any 

substrates regardless of materials, roughness and rigidness without changing the material 

deposition conditions and performance of TFSCs. The peel-and-stick process includes 

two steps: 1) peeling-off fully fabricated TFSCs in water from the nickel (Ni) coated 

silicon wafer used for fabrication, and 2) attaching the peeled TFSCs to the surface of any 

substrate. The peeling process relies on the phenomenon of water-assisted subcritical 

debonding at interface between Ni and silicon dioxide (SiO2), which separates the 

metallic layer together with TFSCs from the original silicon wafer.14,15 Since the peel-

and-stick process does not require any fabrication on the final target substrate, it 

circumvents all the fabrication challenges associated with these nonconventional 

substrates discussed above. Importantly, the efficiency of the transferred TFSCs on any 

target substrate remains the same as the as-fabricated TFSCs on Si wafers. The 

procedures of the peel-and-stick process are illustrated in Fig. 6-1. First, a Si/SiO2 wafer 

is coated with a Ni film (300 nm) by electron-beam (e-beam) evaporation, and 

subsequently TFSCs are deposited on top of the metallic layer using regular TFSC 

fabrication procedures (Fig. 6-1a). Second, a thermal release tape (NittoDenko®) is 

attached to the top of the TFSCs serving as a temporary transfer holder. A transparent 

protection layer (ProTek®) is spin-casted in between the TFSCs and the thermal release 

tape to prevent the TFSCs from the tape polymer contamination and direct contact with 

water. Third, the entire structure is soaked in a water bath at room temperature. Inside the 
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water bath, an edge of the thermal release tape is slightly peeled back to promote water 

penetration into the Ni and SiO2 interface. The Ni and SiO2 interface is separated due to 

the water-assisted subcritical debonding,14,15 leading to the peeling-off the TFSCs from 

the original Si/SiO2 wafer (Fig. 6-1b). Finally, the thermal release tape holding the 

peeled-off TFSCs is heated at 90°C for a few seconds to weaken its adhesion to the 

TFSCs. The TFSCs are then attached to various surfaces using common adhesive agents, 

such as double sided tapes or Polydimethylsiloxane (PDMS) (Fig. 6-1c). After removing 

the thermal release tape, only the TFSCs are left on the target substrate, such as cell 

phone, paper, metal foils, plastics and textile (Fig. 6-1d).  
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Figure 6-1. Procedures of the peel-and-stick process. (a) As-fabricated TFSCs on the 

original Si/SiO2 wafer. (b) The TFSCs are peeled off from the Si/SiO2 wafer in a water 

bath at room temperature (c) The peeled off TFSCs are attached to a target substrate with 

adhesive agents. (d) The temporary transfer holder is removed, and only the TFSCs are 

left on the target substrate. 
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To demonstrate the peel-and-stick process, we use the a-Si:H TFSCs as our model system. 

The fabrication conditions for the a-Si:H TFSCs are identical to those that would have 

been usually used for fabricating TFSCs on Si wafers (Appendix P). Figure 6-2a (left 

image) shows a representative optical image of the as-fabricated a-Si:H TFSCs on the Ni 

coated Si/SiO2 wafer before the peel-and-stick process, as also described in Fig. 6-1a. 

The big and small round circles correspond to solar cells with an area of 0.28 cm2 or 0.05 

cm2, respectively. After peeling-off the TFSCs in a water bath (Fig. 6-1b), the Si wafer is 

clean and reusable (Fig. 6-2a, middle image), and the TFSCs are held temporarily by the 

thermal release tape (Fig. 6-2a, right image). Notably, the TFSCs after the peel-and-stick 

process show no visible damages. Next, the peeled-off TFSCs are attached to virtually 

any objects, including cell phone, business card, and building window (Fig. 6-2b), and 

these objects are previously inaccessible due to the incompatibility issues with the 

existing TFSC fabrication facilities. The peel-and-stick process provides a simple way for 

integrating TFSCs into buildings, clothes, and many other nonconventional substrates. 

More detailed procedures for the peel-and-stick process are described in Appendix P. 
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Figure 6-2. TFSCs at different stages of the peel-and-stick process. (a) As-fabricated 

TFSCs on the original Ni coated Si/SiO2 wafer (left). The donor Si/SiO2 wafer is clean 

and reusable after the peeling-off step (middle). The TFSCs are held by a temporary 

transfer holder (right). (b) TFSCs on cell phone (left), business card (middle), and 

building window (right). 
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6.3 Characterizations of transferred thin-film solar cells  

 

Importantly, the a-Si:H TFSCs show nearly identical efficiency before and after the peel-

and-stick process. Figure 6-3a shows the current-voltage (I-V) characteristics of 

representative TFSCs before and after the peel-and-stick process to a sheet of stainless 

steel (left) or a soda-lime glass slide (right), and the I-V characteristics are 

indistinguishable, implying that no damages are induced in the TFSCs during the peel-

and-stick process. Figure 6-3b summarizes the average performance metrics over 20 solar 

cells with area of 0.05 cm2 and 0.28 cm2 respectively, showing η = 7.4 ± 0.5% and 5.2 ± 

0.1% before the peel-and-stick process, and η = 7.6 ± 0.5% and η = 5.3 ± 0.1% after the 

peel-and-stick process. The efficiency difference in different sizes of solar cells is caused 

by large series resistance in larger solar cells.16 Nevertheless, more important thing is that 

both solar cells have nearly identical efficiencies before and after the peel-and-stick 

process with only 5% variation that is within measurement errors. These results illustrate 

several key advantages of the present peel-and-stick process: versatility in substrate 

choices, high fidelity to original TFSC performance, simplicity and scalability of the 

procedures, and additional cost-saving features with reusable original Si/SiO2 wafers.  
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Figure 6-3. Comparisons of the TFSC performances before and after the peel-and-

stick process. (a) The I-V characteristics of the as-fabricated TFSCs (green lines with 

stars) are the same as those after transferring the TFSCs (red lines with dots) to stainless 

steel (left) and soda-lime glass (right). (b) Statistic summary of the average performance 

metrics over 20 a-Si:H TFSCs before and after the peel-and-stick process with only 5% 

variation that is within the measurement errors.  
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The applications of TFSCs may require intentional bending or non-planar shaping.17,18 

The peel-and-stick process also enables TFSCs to be integrated with flexible or curved 

surfaces (e.g., wavy building roof, helmets, and portable electronics). To demonstrate this, 

a-Si:H TFSCs are transferred on a flexible sheet of stainless foil (~0.2 mm thick) and 

manually bended as shown in Fig. 6-4a (inset). As a result, I-V characteristics of the 

TFSCs remain the same after bending the flexible sheet with a range of bending radius 

from ∞ down to 7 mm (Fig. 6-4a). In addition, the solar cell performances are unchanged 

over 3000 cycles of bending with bending radius about 10 mm (Fig. 6-4b), demonstrating 

the mechanical flexibility and robustness of the transferred TFSCs. It should be noted that 

the mechanical properties of the final solar cells are not determined by the peel-and-stick 

process, but rather by the intrinsic material properties and dimensions of the TFSCs (e.g., 

a-Si:H as an active material, indium tin oxide (ITO) as a electrode). The measurement 

setup for the transferred TFSCs is described in Appendix Q.  
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Figure 6-4. Mechanical flexibility of the transferred TFSCs. (a) The I-V 

characteristics of the TFSCs remain the same after bending the flexible sheet with a range 

of bending radius from ∞ down to 7 mm. (b) The flexible TFSCs show no performance 

change over 3000 cycles of bending with bending radius about 10 mm. Note that all the I-

V characteristics are measured when the TFSCs are flat to prevent any damage from the 

sharp tungsten probe tips during the measurements.  
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6.4 Conclusion 

 

In conclusion, we report a novel and versatile peel-and-stick process to directly build 

TFSCs on diverse previously inaccessible substrates, such as paper, plastic, cell phones, 

and buildings. The peel-and-stick process, while preserving the TFSC performance, 

circumvents the fabrication challenges associated with the nonconventional substrates by 

separating the fabrication process with the final target substrate. These previously 

inaccessible substrates for TFSCs enable further reduction of the cost and weight, and 

endow TFSCs with flexibility and attachability to greatly broaden their application areas. 

Though we only demonstrate the transfer of a-Si:H TFSCs herein, we believe that the 

peel-and-stick process can be applied to other kinds of TFSCs19 and thin film 

electronics20,21 as well.  
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Chapter 7. Conclusions and Future Works  

 

7.1 Conclusions 

 

Thin-film electronics on non-silicon based cheap/flexible substrates, such as papers, 

plastics, clothes, etc., posses the advantage of cost effectiveness and mechanical 

flexibility in actual use. However, the biggest challenge is that the cheap/flexible 

substrates cannot tolerate high temperature process and harsh chemicals, and are 

incompatible with conventional lithographic fabrication processes. To overcome this 

challenge, we develop several novel transfer printing methods which includes three 

primary steps; (1st step) The thin-film electronic devices are fully fabricated on 

conventional substrates (e.g., silicon wafer) in conventional fabrication facility, and then 

(2nd step) the fully fabricated thin-film electronic devices are separated from the silicon 

wafer, and finally (3rd step) attached to cheap/flexible substrates without degradation in 

device performances. Since this approach requires no post-fabrication steps on the 

nonconventional substrates, the choice of the nonconventional substrates is significantly 

broaden.  

 

The firstly developed transfer printing method relies on the differences in adhesion to 

transfer thin-film electronics from weakly adhesive donor silicon wafer to more strongly 

adhesive receiver substrates. To demonstrate this, semiconductor silicon nanowires are 

used as an active component owing to their excellent flexibility and high mobility. The 
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transferred nanowire-based thin-film electronics show reliable ohmic contacts between 

silicon nanowires and metal electrodes. With the transferred nanowire devices, we 

successfully demonstrated for the flexible piezoresistive strain sensors and temperature 

sensors with high performances. Nevertheless, about 30~50% of the devices are damaged 

during the transfer printing process due to the high mechanical stresses.  

 

To resolve the mechanical damage issues during the previous adhesion-based transfer 

printing process, we develop another novel transfer printing method, named peel-and-

stick process or water-assisted transfer printing method, which relies on the phenomenon 

of water penetrating into the interface between Ni film and SiO2 layer. With this method, 

we successfully transfer the silicon nanowire based thin-film resistors, diodes and 

transistors onto a virtually arbitrary substrates, such as papers, rubbers, glasses and 

ultrathin polymer sheet, and the transferred thin-film electronics maintain their original 

geometries and device performances with high fidelity. 

 

We hypothesize that the peel-and-stick process is closely related to the water-assisted 

subcritical debonding phenomenon. So, we further experimentally investigate the critical 

adhesion energy of the Ni-SiO2 interface where the phenomenon of water penetrating 

occurs, and confirm that the critical interfacial adhesion energies are significantly 

reduced by 70~80% in the presence of water, compared to those in ambient environment. 

With the understanding of mechanisms, we successfully demonstrate several key features 

of the peel-and-stick process, such as high-temperature compatibility, scalability and 

multiple-layer-transfer capability, which will facilitate the transfer of high-performance 
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thin-film electronic devices, ranging from organic light emitting diodes, inorganic thin-

film transistors, to many emerging hybrid high-performance thin-film electronic devices. 

 

Lastly, we demonstrate the application of the peel-and-stick process to build thin-film 

solar cells on diverse previously inaccessible substrates, such as paper, plastic, cell 

phones, and buildings. The peel-and-stick process, while preserving the thin-film solar 

cell performance, replaces the conventional rigid, heavy substrates for the thin-film solar 

cells (e.g., glass) with flexible, light-weight and even cheaper substrates, for which the 

cost and weight of thin-film solar cells are further reduced, and endow them with 

flexibility and bendability to greatly broaden their application areas. We also believe that 

the peel-and-stick process can be applied to other kinds of thin-film solar cells and thin-

film electronics as well.  
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7.2 Future works 

 

Our long term goal is to apply our peel-and-stick process for scalable manufacturing of 

electronic devices on non-silicon substrates, ranging from transistors, biosensors, light 

emitting diodes, photo detectors, to solar cells. First, we will continue to optimize the 

peel-and-stick process for large-scale transfer process, including investigating other 

environmental factors (temperature, pH values) and developing tools for the peel-off 

process. Second, we will extend the peel-and-stick process to much broader devices with 

a range of materials, such as sol-gel processed metal oxide thin-film, graphene and 

molybdenum disulfide (MoS2). Third, we will also extend peel-and-stick process to 

fabricate ultrathin biosensors for intimate, conformal contacts to improve sensing 

performance. Finally, we will investigate the feasibility of applying peel-and-stick 

process to the roll-to-roll process (i.e., use of Ni foil instead of the Ni deposited silicon 

wafer). Herein, we suggest several representative examples of our future works. 
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7.2.1 High-temperature processed flexible thin-film transistors  

 

Peel-and-stick process will be used for transferring the high temperature annealed metal 

oxide thin-film transistors onto the low temperature limited cheap/flexible substrates. 

First, we will start with solution deposited zinc oxide (ZnO) thin-films as an active 

semiconducting material for the thin-film transistors because the transfer characteristics 

of the ZnO thin-film transistors can be significantly improved depending on post-

annealing temperatures due to the change in the crystallinity of the ZnO channel layers.1-3 

For example, our preliminary data has shown that the mobility and on/off current ratio of 

the ZnO channel are about 1000 times and 100 times increased respectively as the post-

annealing temperature is increased from 350ºC to 700ºC (Fig. 7-1 (i)). In addition, as 

shown in Fig. 7-1 (ii)-(iv), the low temperature (350°C) annealed ZnO thin-film 

transistors have been already successfully transferred to a sheet of plastic without 

degradation in performances (i.e., mobility, on/off current ratio, threshold voltages), 

showing the strong feasibility of our peel-and-stick process applying for higher 

temperature processed electronic devices. To further demonstrate, we will apply higher 

temperature (up to about 700°C) to anneal the ZnO thin-film transistors, and transfer 

them to various cheap/flexible substrates, and then measure the transfer characteristics of 

the ZnO thin-film transistors before and after transfer. As a next step, we will also 

perform bending tests to evaluate the flexibility and robustness of the transferred TFTs. 

The success of this demonstration will allow us to extend our peel-and-stick process to 

other thin-film silicon based thin-film transistors such as poly-silicon thin-film transistors. 
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Figure 7-1. Transfer characteristics and microscope images of ZnO thin-film 

transistors before and after transfer on plastic substrate. (i) Annealing effects of the 

ZnO thin-film transistors before the transfer; The mobility is increased from 8×10-4 

cm2/vol·sec (black) to 1×10-2 cm2/vol·sec (red) and 2×10-1 cm2/vol·sec (blue), and on/off 

current ratio is increased from 102 (black) to 103 (red) and 104 (blue) respectively as post-

annealing temperature increases from 350°C to 600°C and 700°C. (ii)-(iv) representative 

transfer characteristics and microscope image of the ZnO thin-film transistors after the 

transfer to a sheet of plastics (350°C annealed). The ZnO thin-film transistors were 

successfully transferred without defects and degradation in device performances. 
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7.2.2 Ultrathin, conformal nanowire biosensors 

 

Probing electrical signals near surfaces of living cells with minimal invasive integration 

is critical to fundamental understanding of function in the heart,4 brain,5 skin,6 etc. 

Biosensors based on nanowires are emerging as a powerful platform for the bio-

integrated applications because of their high sensitivity for biological detection as well as 

ability to further scaling of the devices down to the molecular regime with enhanced 

performances.7-9 Over the past years, nanowires have been successfully demonstrated as 

real-time, label-free, multiplexing and femtomolar level accuracy biosensors in detecting 

proteins, viruses and cell movements.10-12 However, the biosensors are usually built on 

rigid, planar surfaces of substrates which are incompatible with soft, curvilinear cells and 

tissue.  

 

Here, we propose to use the peel-and-stick process for creating the ultrathin, highly 

flexible biosensors with semiconductor nanowires as active components. Figure 7-2 

shows the conceptual image of this proposal. First, the nanowire-based biosensors will be 

fabricated on a SiO2/Si wafer with pre-coated Ni and ultrathin, bio-comparable polyimide 

layer. The semiconductor nanowires can be controllably aligned at the pre-defined 

locations, and then the 2nd photolithographic method will be applied to anchor the aligned 

nanowires, which similar approach is described in Chapter 2.3.5. Afterwards, by using 

the peel-and-stick process, the ultrathin polyimide layer together with the pre-fabricated 

nanowire biosensors will be separated from the donor SiO2/Si wafer and then transferred 

to bio-tissues for sensing purpose, which similar approach is described in Chapter 4.4. 
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Because of the ultrathin thickness of the substrate, the nanowire biosensors would be 

conformally attached to the highly wrinkled bio-tissues for improving the sensing 

performances.   
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Figure 7-2. Conceptual image of fabricating ultrathin, conformal nanowire bio-

sensors. First, the nanowire-based biosensors are fully fabricated on a silicon wafer with 

pre-coated Ni and ultrathin polyimide layer. Second, the Ni layer together with the 

ultrathin nanowire biosensors is separated from the silicon wafer by using peel-and-stick 

process. Lastly, the ultrathin sensor is mounted on the highly wrinkled surfaces of bio-

tissues for achieving intimate, conformal contacts with improved sensing performances.   
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7.2.3 Integration with roll-to-roll process 

 

Roll-to-roll process refers to the process of applying depositions, printings, or performing 

other processes starting with a roll of a flexible material and re-reeling after the process 

to create an output roll. The roll-to-roll process offers manufacturers the potential for 

continuous, high throughput printing on large rolls rather than batch processing wafers 

used in the conventional lithographic process.13,14 To take these advantages, we will 

investigate the feasibility of applying peel-and-stick process to the roll-to-roll process by 

replacing the Ni deposited silicon wafer with the SiO2 coated Ni foils. Figure 7-3a shows 

a conceptual image of the roll-to-roll process by integrating with peel-and-stick process. 

First, the SiO2 layer and thin-films are deposited on the Ni foils, followed by patterning 

and packaging of the thin-film electronics. Lastly, the SiO2 layer is peeled from the Ni 

foil in water by using peel-and-stick process, as described in Fig. 7-3b. The success of 

this demonstration will enable us to use peel-and-stick process for mass production of 

diverse thin-film electronics, such as photovoltaic roofing panels, curvilinear light 

emitting diodes and flexible displays.  
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Figure 7-3. Conceptual image of the basic idea for the roll-to-roll manufacturing 

process flow. (a) The four essential steps of the roll-to-roll process are deposition, 

patterning, packaging and peel-and-stick. (b) The illustration shows the roll-to-roll 

process by integrating with peel-and-stick process.   
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Appendix 

 

Appendix A: Growth conditions of silicon nanowires 

 

Growth of p-type or n-type silicon nanowires 

 

Both the p-type and n-type silicon nanowires were synthesized by chemical vapor 

deposition1, 2 with 20 nm gold catalysts in a quartz tube furnace. For the p-type silicon 

nanowires, the feeding ratio of silane to dopant (Boron) was 4000:1, and the growth 

condition was 440°C, 40 torr, 10 sccm of Ar, 2.5 sccm of SiH4, and 3 sccm of 10000:1 H2 

diluted B2H6. For the n-type silicon nanowires, the feeding ratio of silane to dopant 

(Phosphorus) was 2000:1, 450°C, 40 torr, 10 sccm of Ar, 2.5 sccm of SiH4, and 1.25 

sccm of 1000:1 H2 diluted PH3. The growth time was 15 min.  

 

Growth of axially modulated p-n silicon nanowires  

 

The NWs were grown by the Vapor-Liquid-Solid (VLS) growth mechanism using gold 

particles (100 nm diameter) as the catalyst.1, 2 During the growth period, the precursor 

gases were changed to axially modulate the chemical composition of the silicon 

nanowires. For the p-n silicon nanowires, the feeding ratio of silane to dopant (Boron) for 

the p-segment was 4000:1 and the growth conditions are 650°C, 5 Torr, 712 sccm of H2, 

30 sccm of SiH4, 30 sccm of HCl, and 37.5 sccm of 10,000:1 H2 diluted B2H6. For the n-

segment, the feeding ratio of silane to dopant (Phosphorus) was 1500:1 and the growth 
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conditions were 650°C, 5 Torr, 730 sccm of H2, 30 sccm of SiH4, 30 sccm of HCl, and 20 

sccm of 1000:1 H2 diluted PH3. The length of the p-n silicon nanowires was controlled by 

the growth time and targeted for 6 μm for both the p- and n- segments.    
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Appendix B: Simulation of electric field around metal electrodes 

 

Simulation parameters 

 

The electric field around two gold metal electrodes was simulated by using the Comsol 

electrostatic simulation software. In the simulation, the thickness of both electrodes was 

set to be 150 nm and the gap distance between the two electrodes was 10 μm. Both 

electrodes were located on top of a silicon dioxide (SiO2) substrate and immersed in 

isopropanol solution. One metal electrode was biased at 10V (DC) and the other is 

grounded. The simulated electric field in Fig. A-1 shows that the highest electric field 

gradient is located at the edges of the electrodes. 

 

 

Figure A-1. The simulated electric field around the metal electrodes.   
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Appendix C: Alignment of axially-modulated p-n silicon nanowires  

 

Experimental setup for the alignment 

 

After growth, the axially-modulated p-n silicon nanowires were sonicated off from their 

growth substrate in isopropanol solution to form a suspension. A drop of the suspension 

was dropped on top of electrode pairs (5 mm wide × 5 mm long, and 150 nm in height) 

pre-defined by photolithography. The gap between the electrode pairs varies from 9 μm 

to 13 μm so that the gap distances were comparable to the lengths of nanowires. 

 

Electrical measurements and image recording  

 

The current-voltage (I-V) curves were recorded using a semiconductor analyzer (Keithley, 

model SCS 4200) in a probe station (Signatone). The diode quality factor (n) was 

extracted from the dark I-V curves using the ideal diode equation, ln

ln  , where  is the electronic charge,  is the Boltzmann constant,  is the 

temperature, and  is the saturation current. The alignment process of the p-n silicon 

nanowires was recorded in a microscope system (Olympus, U-CMAD3) with a high 

speed camera (Phantom). Image recording of the alignment process of the p-n silicon 

nanowires can be downloaded in http://pubs.acs.org/doi/suppl/10.1021/nl103630c. 
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Appendix D: Alignment yield for axially-modulated p-n silicon 

nanowires 
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Appendix E: Fabrication and characterization of nanowire devices  

 

Fabrication of nanowire devices on a donor silicon wafer  

 

Devices were fabricated on degenerately doped silicon wafers with 300 nm thermally 

grown oxides. Clean the silicon dioxide (SiO2) surface of a silicon substrate by using 

acetone, and render the SiO2 surface hydrophilic by using oxygen plasma (100W for 5 

min). The p-type silicon nanowires (40 nm diameter) were deposited by the contact-

printing method1, 2 which involves directional sliding of the silicon nanowires growth 

substrate against the device substrate, resulting in the well-aligned nanowires with high 

density on the device substrate. The electrode patterns were defined by photolithography 

where the native oxide on silicon nanowires under contact was etched in 20:1 buffered 

oxide etch (BOE) for 6 sec and dry the sample in a stream of nitrogen gas thoroughly, 

followed by metal deposition by an electron beam evaporator. Evacuate the evaporator 

chamber until it reaches a base pressure in the 10-7 torr range and define the contact pads 

by sequentially depositing gold/titanium or palladium /titanium (100 nm/5 nm) at around 

1 Å/sec. The sacrificial photoresist layers were lifted off in 20-30 ml acetone at 60°C 

overnight. Wash with acetone, methanol and isopropanol for 10 sec each using squeeze 

bottles, and then dry for 20 sec in a stream of nitrogen gas. Bake the sample at 350°C for 

5 min to evaporate solvent residues and improve the contacts at the interfaces between 

silicon nanowires and source/drain electrodes.  
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Appendix F: Characterization of nanowire devices after transfer 

printing  

 

Characterization of p-type silicon nanowire based piezoresistive sensor 

 

Electrical characterization was carried out by applying source-drain voltage (Vds) to the 

source electrode, and the current across source-drain electrodes (Ids) was amplified by 

using current preamplifier (DL Instruments, Model 1211) while monitored by using 

home-built data acquisition system (National Instruments, LabVIEW and PCI-6030E) at 

room temperature. The piezoresistive p-type silicon nanowire sensor was fabricated by 

the single transfer printing (STP) method as shown in Fig. 3-1a. The mechanical 

manipulation of the nanowire devices embedded inside Polydimethylsiloxane (PDMS) 

was realized by a micromanipulator (Melles Griot) loaded in a probe station (Signatone). 

While the micromanipulator applied tensile or compressive stresses to the nanowire 

devices, the conductance of the silicon nanowires was measured simultaneously in the 

probe station using the measurement probes (XYZ-500, Quarter-Research) with the aid of 

a video microscope. Data were collected with a custom-programmed software routine 

(National Instruments LabVIEW). 
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Characterization of intrinsic type silicon nanowire based temperature sensor.  

 

The intrinsic type nanowire temperature sensor was fabricated on a Si/SiO2 wafer by the 

multiple transfer printing (MTP) method as shown in Fig. 3-4a (left column), except that 

the nanowires were transferred to the wafer by the contact printing method. For the 

temperature sensing measurement, a hot plate was installed in the chamber of a probe 

station and the assembled nanowire device was placed on the hot plate. The temperature 

was changed over a range of 25-150°C and the conductance of the silicon nanowires was 

measured simultaneously in the probe station using the measurement probes.  
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Appendix G: Pictures of transferred microelectrodes by peel-and-

stick process 

 

 

 

Figure A-2. Photographs of the transferred microelectrode arrays to a range of adhesive 

receiver substrates such as carbon tape, Kapton tape, double sided tape, Post-it® notes 
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Figure A-3. Photographs of the transferred microelectrode arrays to a range of non-

adhesive substrates such as PDMS and Al foil 
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Figure A-4. Representative scanning electron microscope (SEM) images of the 

transferred microelectrode arrays onto the diverse nonconventional substrates. 
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Appendix H: Wafer-scale transfer using peel-and-stick process 

 

 

 

Figure A-5. Photographs of the reusable donor silicon wafer (left) and the wafer-scale 

transferred microelectrode arrays on an adhesive tape (right). 
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Appendix I: Non-linear current-voltage curves before and after 

transfer 

  

 

 

 

Figure A-6. Nonlinear current-voltage (I-V) curves are preserved before (black lines) and 

after (red dots) the transfer to glass and double sided tape. 

 

 

 

  

161 
 



Appendix J: Characterization of the transferred nanowire field 

effect transistors 

 

 

 

Figure A-7. (a) Current-voltage (I-V) curves of the nanowire field effect transistors 

(FETs) after the transfer to the conductive tape. The nanowire FETs were clearly 

modulated by applied gate voltages ranging from -20V to +20V. (b) Photograph shows 

the transferred nanowire FETs on the conductive tape.  
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Appendix K: Atomic force microscopy measurement after peel-

and-stick process 

 

 

 

Figure A-8. Statistical data of the Atomic force microscopy (AFM) measurements. (a) 

Representative AFM image after the water peel-off process of the Ni circle. Three 

different areas were selected from inside (red box) and outside (green box) of the Ni 

circle for counting pixels of the height in the AFM image. (b) The histogram of the 

counted pixels corresponding to the height from the left (top), center (middle), and right 

(bottom) of the Ni circle. The distribution of the height inside the Ni circle is shifted to 

left, showing that the height is lower inside than outside the Ni circle. 
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Appendix L: Basic procedures of peel-and-stick process for thin-

film electronics 

 

 

 

Figure A-9. (Step 1) Thin-film electronic devices are fabricated on a metal (e.g., Ni, Cu) 

coated SiO2/Si wafer. A removable protection layer (e.g., Polymethyl methacrylate 

(PMMA)) can be applied on top of the thin-film electronic devices to protect them from 

water. (Step 2) Entire structure is soaked in a water bath at 21°C, and with a temporary 

holder (e.g., thermal release tape), an edge of the structure is slightly peeled back to 

promote the water-assisted subcritical debonding at the metal-SiO2 interface. (Step 3) The 

peeled thin-film electronic devices are pasted on a receiver substrate using a commercial 

adhesive agent (e.g., Polydimethylsiloxane (PDMS), Polyvinyl alcohol (PVA)). After the 

peel-and-stick process, the SiO2/Si wafer can be reused.  
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Appendix M: Experimental setup for double-cantilever-beam tests 

 

 

 

Figure A-10. (a) An optical image and schematic of the experimental setup for the 

double-cantilever-beam tests used to measure the debond growth rate of the Ni-SiO2 

interface in a water bath at 21°C. (b) A schematic of the structures and thicknesses used 

for the double-cantilever-beam specimen.  
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Appendix N: Molecular dynamics simulation 

 

Molecular dynamics (MD) modeling parameters  

 

Three models are prepared for MD simulations corresponding to the dry-air, low-moist 

and high-moist environments, respectively. The Ni layer has a total of 216 Ni atoms with 

its (111) surface. The silicon dioxide (SiO2) layer is a 2-D expansion from a cristobalite 

unit cell structure containing 128 atoms with one surface layer consisting of under 

coordinated oxygen atoms and another surface layer of hydroxyl (-OH) terminated silicon 

atoms. The two layers are initially placed near each other with a mass center distance of 

11 Å. This value is chosen so that the two layers can generate a proper initial contact. In 

low- and high-moist environments, the Ni layer is covered with surface hydroxyl groups; 

the first layer of under coordinated oxygen atoms in the SiO2 layer is terminated with 

hydrogen atoms. The two layers are placed in a similar fashion as that in dry-air 

environment. The difference between low- and high-moist environments lies in the 

surface coverage ( θ ) of hydroxyl groups (0.5 and 0.75 for low- and high-moist 

environment, respectively). All the systems are equilibrated for 2.5 ps in the isothermal-

isobaric ensemble at 300K allowing for free volume adjustment. The mass center 

distance of the two layers is then increased to 20 Å in 5ps in the canonical ensemble. The 

temperature is controlled at 300K using the Berendsen thermostat with a damping 

constant of 100 fs. The MD time step is 0.25 fs. 
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Appendix O: Surface characterization of delaminated surfaces 

 

 

 

Figure A-11. (a) An optical image of the delaminated Ni film (left) and spin-on-glass 

(right) surfaces.  (b) Corresponding 3D optical images of the delaminated Ni film (top) 

and spin-on-glass (bottom) surfaces. Defects are shown on both surfaces due to the 

inherent strong adhesion of the spin-on-glass.  
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Appendix P: Experimental methods for amorphous silicon thin-

film solar cells 

 

Fabrication of a-Si:H TFSCs 

 

A silicon wafer (500 μm thick) with thermally grown silicon dioxide (SiO2, 300 nm) was 

cleaned by using acetone and oxygen plasma (100W for 5 min). The metallic layer (Ni, 

300 nm) and subsequent Ag bottom electrodes (~1 μm) were deposited on the Si/SiO2 

wafer at room temperature by using an electron beam evaporation with deposition rate of 

around 1~3 Å/sec. The hydrogenated amorphous silicon thin-film solar cells (a-Si:H 

TFSCs) with n-i-p structure were deposited by plasma enhanced chemical vapor 

deposition (PECVD) in a multi-chamber cluster tool (MVSystems, Inc.) at a substrate 

temperature of approximately 200°C with 13.56 MHz RF power. The n-layer (20 nm) 

was grown using SiH4 and PH3/H2 with ETauc = 1.75 eV and σdark ~ 2x10-2 S/cm. The i-

layer (300 nm) was grown using SiH4 without hydrogen dilution with ETauc = 1.78 eV and 

σdark ~ 2x10-10 S/cm. The p-layer (8 nm) was grown using SiH4, BF3, and H2 with ETauc = 

2.1 eV and σdark ~ 5x10-4 S/cm. Finally, indium tin oxide (ITO) (90% In2O3, 10% SnO2) 

dots were RF sputtered at 200°C using an Ar/O2 mixture to define individual solar cells 

with the RF power of ~0.25W/cm2 and deposition rate of ~1 Å/sec. 

 

 

 

 

168 
 



Peel-and-stick process of a-Si:H TFSCs 

 

The as-fabricated a-Si:H TFSCs were cleaned by solvents and dried on a hot plate at 

120ºC for 3 minutes. A transparent protection layer (ProTek®) was spin-casted at 3000 

rpm and annealed at 110ºC and 175ºC for 3 minutes sequentially. The ProTek® residues 

at the silicon wafer sidewalls were removed by a razor blade. After applying thermal 

release tape on top of the ProTek®, the whole structure was immersed into a water bath at 

room temperature. An edge of the thermal release tape was slightly peeled-off to initiate 

the water penetration, causing the separation of the Ni layer together with the a-Si:H 

TFSCs from the Si/SiO2 wafer. The lifted a-Si:H TFSCs were dried by N2 gun and heated 

at 90ºC for around 30 seconds to weaken the adhesion of the thermal release tape. In the 

mean time, the target substrate was pasted or coated with commercial adhesive agents 

such as double sided tape or Polydimethylsiloxane (PDMS). Finally, the a-Si:H TFSCs 

were attached on the target substrate and the thermal release tape was removed. The 

ProTek® protection layer was then removed by remover for the current-voltage (I-V) 

curve measurements.  
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Appendix Q: Characterizations of the transferred thin-film solar 

cells 

 

Measurement setup  

 

The solar cell properties were characterized under AM 1.5G illumination (Class AAA 

solar simulator, Model 94063A, Oriel). Before each measurement, the solar simulator 

intensity was calibrated with a reference silicon solar cell and a readout meter for solar 

simulator irradiance (Model 91150V, Newport). Current-voltage (I-V) characteristics 

were measured by contacting the top and bottom electrodes of the solar cells with 

tungsten probes that are connected to a semiconductor analyzer (Model 4200-SCS, 

Keithley). To prevent the damage of the thin-film solar cells from the sharp tungsten tips 

during the measurements, the solar cells were always measured when they were flat. For 

additional protection from the sharp tungsten tips contacting, small Ag dot with a 

diameter of ~1 mm was added to the top surface of indium tin oxide (ITO) using Ag 

paste (Ted Pella, Inc.), and its area was excluded when calculating the solar cell 

efficiency.    
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Appendix R: Experiment troubleshooting table 

Step Problem Possible reasons Solutions 

 

(Section 2.3) 

Preparation of 

nanowire 

solution for 

electric field-

assisted 

alignment 

method 

 

 

 

Nanowire 

solutions 

contain 

substantial 

particles. 

 

 

 

1. Some of substantial 

particles are dust created 

during the sonication of 

the as-grown nanowire 

substrate. 

2.   Solutions more than 

two weeks old generally 

yield aggregates of 

nanowires. 

 

 

1. Use a microporous 

membrane filter to 

separate the particles. 

2. Use freshly prepared 

nanowire solution for 

deposition. 

 

 

(Section 2.3.5) 

2nd 

photolithograp

hy for the 

aligned 

nanowires 

using electric 

field-assisted 

alignment  

 

 

The current-

voltage curves 

are not 

improved even 

after the 2nd 

photolithograp

hic method. 

 

 

 

The metal pads patterned 

by 2nd photolithography 

might not fully cover the 

ends of the aligned 

nanowires due to the 

misalignments during 

the photolithographic 

process (Fig. A-12). 

 

 

Use longer nanowires or 

shorter electrode gaps 

for the ends of 

nanowires to be 

connected despite of the 

misalignment. 

171 
 



 

(Section 4.4) 

Electrical 

measurement 

of ultrathin 

electronics 

devices with 

tungsten probe 

tips 

 

 

 

The ultrathin 

devices are 

easily 

scratched by 

the sharp 

tungsten probe 

tips. 

 

 

The ultrathin polymer 

sheet substrates are too 

easily susceptible. 

 

 

 

Temporarily apply small 

dots of conductive Ag 

paste on top of the 

electrode pads before the 

measurements and then 

remove them by acetone 

afterwards. 

 

(Chapter 4-6) 

Peel-and-stick 

process 

 

 

 

Defects or 

dusts are 

found after the 

peel-and-stick 

process. 

 

 

 

1. There might be 

contaminations by the 

thermal release tape (Fig. 

A-13). 

2. The sidewall of Ni 

layer might be blocked 

during the depositions of 

thin-films. 

 

 

1. Use a removable 

protection layer (e.g., 

PMMA) to protect from 

the contaminations. 

2. Scrape up the 

sidewalls by razor blade. 
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Figure A-12. Schematic and microscope images of the mis-aligned 2nd metal pads 

patterned by 2nd photolithography (Chapter 2.3.5). One end of nanowire is not fully 

covered by the 2nd metal pad so the electrical contact improvement is not effective. 

Therefore, use of enough longer nanowire than the electrode gaps is critical to avoid this 

issue.  
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Figure A-13. Representative scanning electron microscope (SEM) images of the 

contaminated metal pad (Pd) by tapes (Chapter 4.6). The surfaces of the transferred 

metal pad are dirty when they are transferred by peel-and-stick process without a 

protection layer due to the polymer contamination by tapes as a temporary holder. 

Therefore, use of the protection layer (e.g., Polymethyl methacrylate (PMMA) or 

ProTek®) is critical to prevent the contaminations.   
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