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ABSTRACT 
 
 
 

by Ryan David Johnson, M.S. 
Washington State University 

December 2008 
 

Chair:  David F. Bahr 
 
 A process to mechanically transfer vertically aligned carbon nanotube (VACNT) 

turfs using thermocompression bonding has been developed for the use of VACNTs as 

thermal switches in MEMS devices.  Mechanical transfer is accomplished by contacting a 

VACNT turf sputtered with 300 nm gold into a surface similarly coated in 300 nm of 

gold.  A stress equal to the buckling stress of the turf is applied at 150 °C for a minimum 

of two hours.  The VACNT turf transfers to the new surface upon separation. 

 There are many issues to overcome before VACNT turfs can be implemented as a 

thermal switch.  The greatest hurdle is a high contact resistance between a CNT and its 

contacting surface including contact resistance and Van der Waals interactions.  

VACNTs are grown using chemical vapor deposition (CVD), a process conducted at 700-

800 °C, which is too high for VACNTs to be grown directly on MEMS devices.  VACNT 

turfs also adhere readily to many surfaces due to local Van der Waals interactions, 
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requiring control of the adhesive properties for VACNT turfs to be used as thermal 

switches. 

 The average separation stress during mechanical transfer has been shown to be 

0.42 MPa, and the strength of the new gold bond has been shown to be 0.55 MPa.  

Electrical measurements across a transferred VACNT turf has shown a conductivity 

independent of the imposed strain, up to strains in excess of 200%.  Mechanical transfer 

has also been shown to be possible for arrays of VACNT turfs, as well as patterned 

transfer of segments off of a large VACNT turf. 
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CHAPTER ONE 
 

1 Introduction 

 

1.1 Motivation for Research 

 Effective thermal switch and thermal interface materials are crucial in the 

successful operation of MEMS (Micro Electronic Mechanical System) or microelectronic 

devices.  The MEMS micro-engine, for example, produced at Washington State 

University, uses a thermal switch which allows for the production of electricity using 

waste heat.1,2 

 Carbon nanotubes have potential for use in heat transfer applications, due to a 

high thermal conductivity, low heat capacity, and unique mechanical properties.  In order 

for carbon nanotubes to be successfully applied in either case, the adhesive properties of 

the CNTs must be controlled.  Also, contact resistance of CNTs3 has been found to be a 

primary factor that limits the effectiveness of CNTs in electrical and thermal applications.  

The contact resistance needs to be addressed in order for CNTs to be useful.  Vertically 

aligned carbon nanotube (VACNT) turfs have the potential to work as a thermal switch4 

or in a thermal interface.5 

 

1.2 Properties of Carbon Nanotubes 

Carbon nanotubes (CNTs) have been the center of enormous research attention 

since their discovery in 1991.  Researchers quickly realized that CNTs, single-sheets of 

graphite rolled into a tube, have potential application in a wide variety of fields, due to 
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their unique mechanical, electrical, and thermal properties.  Improvement in processing 

techniques has also resulted in more effective applications of CNTs. 

 The discovery of carbon nanotubes is credited to Sumio Iijima.6  He discovered 

the carbon nanotubes in the soot of the arc discharge of a carbon anode, and are shown in 

electron micrographs in Figure 1.1.   The wide potential application of carbon nanotubes 

was quickly realized, and there continues to be immense interest in finding new and 

novel applications for the relatively new material, due to the properties of carbon 

nanotubes, and the continuing improvement of processing techniques. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 - An electron micrograph of individual CNTs.  From Iijima.6 

 

 Carbon nanotubes are sheets of graphene that are rolled into a tube.7  There are 

two forms:  single-walled carbon nanotubes (SWCNTs), and multi-walled carbon 

nanotubes (MWCNTs).  SWCNTs and MWCNTs can be formed depending on the 
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process and parameters used during the process.  Distinctions between these two forms 

have to be made, due to the vast difference in properties. 

 SWCNTs can be described by a chiral vector   

! 

r 
C .  Given that n and m are integers 

and   

! 

r 
a 
1
 and   

! 

r 
a 
2
 are unit cell vectors of the lattice formed by unrolling the SWCNT back 

into a graphene sheet,   

! 

r 
C  is defined as 

 

  

! 

r 
C = n

r 
a 
1
+ m

r 
a 
2
 

 

This chiral vector determines properties of the nanotube, including whether it is "zig-

zag", "armchair", or "chiral".  A chiral SWCNT is any SWCNT that is not zig-zag or 

armchair.   The chiral vector has a considerable effect on properties, including 

determining whether or not the nanotube is metallic or semiconducting, and the 

mechanical properties that it has.8   

 

                       

Figure 1.2 - A visualization of the chiral vector on a sheet of graphene.  From Paradise.9 
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Figure 1.3 - The structure and properties of a SWCNT can vary depending on how a 

graphene sheet is folded along the chiral vector.  (b) armchair CNT (8,8)  (c) zigzag CNT 

(8,0)  (d) chiral CNT (10,-2).  From Dai.10  

 

 Multi-walled carbon nanotubes (MWCNTs) have vastly different properties than 

SWCNTs, and cannot be described simply by the chiral vector.  The most commonly 

observed type of MWCNT is a coaxial type tube, where individual graphene sheets are 

wrapped about graphene sheets already formed into a tube.  There are also MWCNTs that 

follow a "scroll" model, where a single graphene sheet is rolled into a nanotube like a 
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scroll of paper.  Finally, larger MWCNTs can sometimes demonstrate a coaxial 

polygonized structure.  These three models are shown in Figure 1.4. 

 

                          

       (a)                          (b)                          (c) 

Figure 1.4 - Three models that describe the structure of MWCNTs.  (a) Coaxial, the 

commonly accepted model.  (b) Coaxial polygonized, typical occurs in larger tubes  (c) 

Scroll, not typically observed.  From Dresselhaus.11 

 

 Carbon nanotubes have exceptional mechanical properties.  They have been 

shown to have a modulus of elasticity on the order of 1TPa, and are one of the strongest 

materials in existence when pulled in a tensile direction.12  This is due to the strong 

carbon-carbon bond in the nanotube structure.  This strength leads to applications within 

composite materials. 

 MWCNTs have a different failure mechanism than SWCNTs when pulled in a 

tensile direction. In a coaxial structure, for example, individual sheets of the nanotubes 

are adhered to each other through Van der Waals interactions, which is a much weaker 

interaction that the C-C bonds in the nanotube structure.  As a result, the Van der Waals 

bonds fail first, and the individual nanotubes slide past each other when they're pulled in 

a tensile direction.  This is referred to as "sword-and-sheath" failure13, and results in a 

much lower tensile strength for MWCNTs. 
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 CNTs have a very high thermal conductivity.  Also, the strong carbon-carbon 

bond allows CNTs to handle very high current densities.  SWCNTs have been shown to 

demonstrate ballistic behavior14, meaning that the mean free path of electrons is 

effectively greater than the size of the nanotube.   Electrons travels essentially unimpeded 

through the CNT, causing very little heat dissipation, further increasing the allowed 

current density before failure of the nanotube. 

 Electron flow can also be controlled through the chirality of the CNT.  Armchair 

CNTs demonstrate metallic behavior, while zig-zag CNTs can demonstrate both 

semiconducting and metallic behavior, depending on the chiral vector.  Chiral CNTs can 

also be semiconducting or metallic.  The semiconducting properties of CNTs give CNTs 

the ability to be used as transistors.15   

 

             

Figure 1.5 - Examples of different chiral vectors and the type of SWCNTs that are 

produced as a result.  From Terrones.16 
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 CNTs are theoretically one of the best thermal conductors known.  CNTs have 

been shown to have a thermal conductivity of 3000 W/m*K, and has been reported to be 

as high as 6600 W/m*K.17 This very high thermal conductivity means that CNTs have 

potential application as heat transfer devices.  However, contact resistance prevents high 

theoretical conductivity values from being achieved.  Thermal transport in CNTs have 

been shown to be both phonon and electron controlled.18  This leads to issues with 

contact resistance when trying to use CNTs as a thermal switch, considering that in most 

cases, the CNTs will contact a metallic surface, which is electron transport dominant.  

This requires a coupling to take place, increasing contact resistance. 

   A limited understanding of the thermal conductivity of the CNT can be 

developed through electrical tests of the CNTs, since both have electron flow as part of 

their transport mechanisms.  However, when the temperature of, for example, metallic 

CNTs is increased, the electrical conductivity decreases due to increased scattering, while 

the thermal conductivity increases and levels off, as shown by Kim.19  This makes it 

difficult to couple electrical and thermal conductivity in this case.  

 

1.3 Applications of Carbon Nanotubes 

 The unique mechanical, thermal, and electrical properties allow for CNTs to be 

used in many applications.  Potential has been found in MEMS20 and microelectronics, as 

thermal switches or permanent thermal channels, with the potential to replace lead-free 

solder bumps in flip-chip microelectronics.  With recent interest in finding methods to 

store hydrogen, carbon nanotubes have become a candidate for hydrogen storage.21  

CNTs are also useful candidates for use in composites.22  Their high current density 
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provides application in field emission devices.23  High surface energy and Van der Waals 

interactions lead to application of CNTs to mimic gecko feet24, and may even be used in 

the production of a Spiderman suit.25  Their small diameter and unique interaction 

properties lead to application as probe tips in scanning probe microscopes.26 

As processing methods continue to improve, including improvements in purity, 

controllability of the length, and a decrease in cost, more potential applications of CNTs 

will be found. 

 

1.4 Carbon nanotube growth methods 

 There are three primary techniques used in the growth of CNTs.  Laser ablation, 

arc discharge, and chemical vapor deposition (CVD) are all methods that successfully 

grow CNTs.  There are pros and cons to each method, however, including the type, and 

most importantly to research within this thesis, spatial orientation of CNTs. 

 Arc discharge was the first method successfully used to produce CNTs.  Carbon 

anodes and cathodes are brought close together, usually about 1mm apart, and then a 

potential is applied to produce an arc.  The anode erodes due to the arcing, and the 

cathode collects the residue, which contains soot and CNTs.  This method benefits from 

being cheap and relatively easy.  However, the process produces low purity, randomly 

oriented nanotubes.27  A diagram of the process is shown in Figure 1.6. 

 Laser ablation allows for the production of very pure nanotubes.  A graphite 

target, inside a heated, inert chamber, is struck with a pulsed laser.  Carbon nanotube 

collect on the inside surface of the chamber.  This method produces very pure nanotubes, 
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but suffers from high expense, and again a random orientation of the nanotubes.28  A 

diagram of this process is shown in Figure 1.6. 

   

                

Figure 1.6 - Schematic of arc discharge and laser ablation.  From Paradise.29 

 

Chemical vapor deposition (CVD), has received a lot of interest recently for a 

number of reasons.  CVD allows for the inexpensive, mass-produced, patterned growth of 

vertically aligned carbon nanotubes (VACNTs).30   Unlike arc discharge or laser ablation, 
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the orientation of carbon nanotubes grown in this method can be controlled.  This is a 

powerful result that opens up new applications in MEMS and microelectronics, including 

making it a useful processing method for the production of the MEMS micro-engine's 

thermal switch.  Details of the CVD process will be detailed in the next chapter. 

  

1.5 Nanoindentation of VACNT Turfs 

 CVD produces an entangled, nominally vertical forest of pre-bent, pre-buckled 

SWCNTs and MWCNTs.  It is a fairly hollow structure, with a low packing fraction of 

~2%.  The structure grows in a nominally vertical direction due to the balance between 

strain energy and contact energy in the CNTs.  This structure has been found to have 

drastic differences in behavior than individual SWCNTs and MWCNTs.   

 

           (a)                                                           (b) 

            

Figure 1.7 - (a) The side of a gold-coated VACNT turf, showing the entangled, nominally 

vertical structure.  (b) A diagram of VACNT turfs growing on sol-gel 

 

 To understand the mechanical properties of these structures, a nanoindentation tip 

was brought into contact with the top of the VACNT turf, as conducted by McCarter.31  
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The nanoindentation procedure showed two very important differences between the 

properties of VACNT turfs and individual CNTs.  First, the effective modulus of the 

VACNT turfs was shown to be around ~15 MPa, a fraction of the 1 TPa modulus 

measured for single SWCNTs.  This shows that VACNT turfs are very compliant, which 

is ideal for thermal switches.  Nanoindentation data also showed adherence between the 

nanoindentation tip and the VACNT turf. 

  Figure 1.8 shows a loading/unloading curve for a nanoindentation tip brought 

into contact with a VACNT turf.  During the unloading portion of the process, which is 

the right part of the curve, the applied load becomes negative.  Some CNTs are adhered 

to the tip and are pulling against it as it tries to pull away.  Contact finally breaks at a 

certain point, and the tip pulls away.  This demonstrates the stickiness of CNTs, due to 

localized Van der Waals interactions.  The adhesion of CNTs is not an ideal property for 

CNTs to be used in thermal switches, and thus needs to be controlled. 
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          (a)                                                              (b) 

        

Figure 1.8 - (a) Load/depth curve of a nanoindentation tip brought into the top of a 

VACNT turf.  Red arrow shows adhesion of VACNT turf to the tip.  From McCarter.31  

(b) SEM image of the top of a VACNT turf, demonstrating the low packing fraction. 

  

 Zbib et al proposed that by sputtering a thin film of gold on top of the VACNT 

turf, the Van der Waals interactions that cause the CNTs to bond to the nanoindentation 

tip will be reduced, and bonding will not occur.  In determining the desired thickness of 

the gold film, nanoindentation was conducted on turfs with the thickness of the gold film 

varying from 150 nm to 500 nm.  Although the word "film" is used in describing the gold 

layer, scanning electron microscopy (SEM) images show that the gold in fact nucleates 

and deposits on the individual nanotubes rather than uniformly across the entire turf, and 

encapsulates the individual CNTs.  This is shown in Figure 1.9. 

 

 



 13 

(a)                                                                  (b) 

   

Figure 1.9 - (a) The side and top of a gold coated VACNT turf.  The top of the turf is not 

a uniform film.  Rather, the gold encapsulates the individual CNTs.  (b) Individual gold 

coated CNTs, showing individual gold grains. 

 

 The nanoindentation tests resulted in two major observations.  First, the gold film 

indeed suppressed Van der Waals interactions.  As the nanoindentation tip pulls away 

from sample, there is no longer a negative dip in the load on the load/depth curve.  This 

means that the CNTs did not pull on the nanoindentation tip, and therefore did not adhere 

to the tip.  A gold film on the top of the VACNT turfs makes the VACNT turfs more 

ideal for use as a thermal switch. 

 The nanoindenations of the VACNT turfs with gold films of varying thickness 

also showed that the effective modulus of the turf is dependant on the thickness of the 

gold film.  Nanoindentation of the VACNT turf with the 500 nm turf resulted in a higher 

slope during the loading phase of the indentation.  This means that the effective modulus 

of the turf is higher than an uncoated VACNT turf, and the structure is stiffer overall.  

The VACNT turf with the 300 nm gold layer behaves much differently, and actually had 
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a lower slope during loading than an uncoated VACNT turf.  This is attributed to a result 

of the reduction of the Van der Waals interactions between the gold coated CNTs within 

the turf.  With little interaction occurring, the individual CNTs are able to slide and rotate 

past each other more easily as the VACNT turf is compressed.  In the 500 nm film, 

although Van der Waals interactions are reduced, the individual CNTs are in fact less 

able to slide past each other.  An SEM image by McCarter in Figure 1.10 shows the 

structure of a VACNT turf coated in a 500 nm film.  A turf with a 300nm film is also in 

Figure 1.10, and the differences in the structure are noted.  With the 500 nm film, the 

individual CNTs are coated to a point that they press up against each other more, 

meaning that they are less able to slide past each other.  The 300nm film still leaves some 

space for the individual CNTs to slide and rotate past each other. 

This result suggests that a thinner film of gold on top of a VACNT turf makes 

VACNTs more ideal for thermal switches by making the structure more compliant and 

reducing adhesion between the VACNT turf and contacting surfaces.  A gold film 

thickness of 300 nm was decided upon. 
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(a)                                                                (b) 

 

Figure 1.10 - (a) The side and top of a VACNT turf coated with 500 nm of gold.  (b) The 

top of a VACNT turf coated with 300 nm of gold.  From McCarter.32 

 

1.6 Buckling of VACNT turfs 

 The nanoindentation tests provide data by using a very small tip on a very large 

turf.  The data shows results of the deformation of a very localized area.  In contrast, by 

using a tip that's around the same size as the top of the VACNT turf, the turf behaves 

very differently, providing a different result and revealing unique behavior for a VACNT 

turf in compression. 

 Figure 1.11 shows the result of compressing a VACNT turf with a large probe tip 

that is the size of the turf, as shown by Zbib.33  The structure has gone through permanent 

plastic deformation and has buckled.  The buckling occurs in a very unique way, in that 

all buckling occurs at the base of the turf.  This is attributed to the difference in 

compliance between the VACNT turf and the silicon base.  The buckling has also shown 

that the turf buckles as a unit, rather than as individual CNTs.  The buckling tests have 

also shown that while there is permanent deformation taking place, much of the structure 
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springs back to its original state upon unloading, a trait that is very useful in thermal 

switches. 

 

      (a)                                                                   (b)                              

 

Figure 1.11 - (a) Stress/strain curve, showing the onset of buckling as well as further 

buckling as stress continues to be applied.  (b) A buckled VACNT turf.  The distance 

between individual buckles has been shown to be ~12 µm, independent of turf 

morphology.  From Zbib.33 

 

 A model was developed by Zbib et al to determine the stress required to buckle a 

VACNT turf.  The result of the model is the equation: 
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Where h is height of the turf, and h1 is the height of each individual buckle, consistently 

shown to be approximately 12 µm.  σ is the instability stress, while µ is the shear 

modulus, which is assumed to be half of the elastic modulus.  The equation has no 

mention of the size of the turf, only the height, a result suggesting that the buckling stress 

of the turf is independent of the lateral size of the turf.  Buckling data and a curve fit from 

the equation are shown in Figure 1.12, showing a decent match to experimental data.  

This is an important result in this thesis' development of the mechanical transfer method, 

as will be shown soon. 

 

                                   

Figure 1.12 - Model demonstrating the effect of the height of the VACNT turf on the 

stress required to induce buckling.  From Zbib.33 
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1.7 Applying VACNTs turfs as a thermal switch 

 Although VACNT turfs show much promise for use as a thermal switch, there are 

many issues that must be addressed before they can be feasible.  

 The primary obstacle in the application of VACNT turfs in a thermal switch is the 

contact resistance between the carbon nanotube and the contacting surface.34  Although 

carbon nanotubes have a very high theoretical thermal conductivity, this value is never 

reached in reality due to contact resistance.  This has been a limiting factor in much of the 

research being conducted on the thermal and electrical properties of CNTs.  In order for 

VACNT turfs to become feasible thermal channels or switches, the contact resistance 

needs to be minimized. 

 A potential reason for thermal contact resistance in CNTs is small contact area 

and the coupling mechanism that must take place between the phonon transport dominant 

CNT and the usually metallic, therefore electron transport dominant contact surface.  

CNTs have a diameter that is usually a fraction of a nanometer across, providing a very 

small area for coupling to take place.  By increasing the contact area, coupling can be 

increased, and contact resistance can potentially be reduced. 

 CVD is a very effective method in the growth of VACNT turfs.  A major issue is 

the high growth temperatures, 750 °C, required for CNT growth.  Most thermal switches 

are added to a MEMS device as one of the final steps, and most nearly constructed 

MEMS devices cannot handle 750 °C temperatures without causing damage to the 

device.  Thus, VACNT turfs cannot be directly grown on the device.  A solution to this 
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issue is to grow the VACNT turfs separately, and then mechanically transfer the VACNT 

turf to the device within the acceptable temperature limits of the device. 

 Finally, the adhesive properties of the VACNT turfs need to be controlled in both 

the permanent channel and switch applications.  Due to high surface area and local Van 

der Waals interactions, CNT turfs will readily bond with many surfaces.  This is not ideal 

in a thermal switch.  As shown by Ali et al, sputtering a gold film on the top of the 

VACNT surface can reduce adherence between VACNTs and the contact surface. 

 A new method of mechanical transfer of VACNT turfs using thermocompression 

bonding has been developed, which compensates for all of the issues previously 

mentioned and takes advantage of the gold film and the properties of the VACNT turf.  

This process allows for VACNT turfs to be transferred to a MEMS device at 150 °C, and 

minimizes adherence between the VACNT turf and its contacting surface.  This process 

has the potential to decrease contact resistance by increasing the coupling area from the 

encapsulation of the CNTs by the sputtering of a gold film. 

 This thesis will outline the process in growing VACNT samples, as well as the 

research conducted prior to the development of the thermocompression bonding process.  

The next chapter will discuss the steps involved in the thermocompression bonding 

process, and analyze the separation stress and electrical resistance of the VACNT turf 

during the mechanical transfer to a new substrate.  The electrical properties of the 

completed thermal switch are analyzed, as well as a discussion on the effects of annealing 

of the gold layers.  Finally, the thesis concludes, with an outline of recommendations for 

future research. 
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Chapter Two 

2 Sample preparation and test development 

 

2.1 Introduction 

 Chemical vapor deposition (CVD) has been shown to be a useful process for the 

production of CNTs for use in a thermal switch.  The type of structure produced by this 

process, the vertically aligned, entangled structure, is an ideal orientation for heat transfer 

in MEMS devices.  A sol-gel technique is described, which allows for the use of 

photolithography to carefully pattern the size and configuration of arrays of VACNTs. 

 Initial research that led up to the development of the thermocompression bonding 

procedure is outlined in this chapter.  Results of probing an uncoated VACNT turf with a 

tungsten carbide tip is discussed, along with a discussion of different films that were used 

in the attempts to mechanically transfer VACNT turfs.  Finally, the development of the 

thermocompression bonding process will be discussed, followed by optimization steps of 

the bonding process. 

 

2.2 Sol-gel Preparation 

 VACNT turfs are grown using chemical vapor deposition (CVD) on a patterned 

sol-gel evenly dispersed with ~10nm iron nanoparticles.  The sol-gel process provides 

many advantages.  The process is inexpensive and produces a uniform, controllable layer 

of iron nanoparticles.  Just as important is the ability for the sol-gel to be patterned using 

standard photolithography techniques.  This allows for the controlled growth of VACNT 
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turfs, and allows for the growth of large single turfs or arrays of turfs as small as a few 

microns across. 

The sol-gel is prepared by first mixing tetraethyl orthosilicate (TEOS) and ethyl 

alcohol, which is stirred for 15 minutes on a hot plate using a stir speed of 6.5.  4.36 

grams of iron nitrate (FE (NO3)3*9H2O) is measured out and stirred into 15 mL of DI 

water.  This solution is added to the TEOS solution, and the combined solution is stirred 

for an additional 20 minutes.  Finally, two drops of nitric acid are added to the solution, 

and allowed to stir for 15 more minutes.  The solution is then allowed to sit for 24 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 - Outline of the sol-gel deposition process. 
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 A silicon wafer upon which the VACNT turf goes through some initial cleaning 

steps before sol-gel deposition begins.  First, the sample is 5-step cleaned, a process 

where the wafer is rinsed in 5 rapid steps, with acetone, isopropyl alcohol, DI water, and 

then again with acetone and isopropyl alcohol, and then finally blown dry with nitrogen. 

This process removes organics from the surface of the wafer.  Next, the silicon wafer is 

placed in buffered oxide etch (BOE) etching to make sure that any thermally grown oxide 

is removed.  BOE is a buffered solution of hydrofluoric acid, which preferentially etches 

silicon oxide, while doing minimal etching to elemental silicon.  

 As outlined in Figure 2.1, the wafer is placed on a wafer spinner (a).  The sol-gel 

is deposited on the wafer with a filtering syringe (b) that filters out any large particles that 

may have ended up in the sol-gel solution.  The wafer is spun at 3000 rpm for 30 seconds, 

and then placed on a hotplate at 90 °C for a minimum of 8 hours.  After the sol-gel is 

allowed to cure, hexamethyldisilazane (HDMS) is spun on the wafer at 3000 rpm for 30 

seconds.  HDMS is a binding agent that allows photoresist to adhere more effectively to 

the silicon wafer.  This is followed by spinning AZ 5214 photoresist at 3000 rpm for 30 

seconds (c).  AZ 5214 is a positive photoresist, meaning that any area exposed to UV 

light will become soluble in developing solution. 

A mask is manufactured in the desired format for the VACNT turfs, be it a series 

of individual arrays, single turfs, or any other desired configuration.  This mask is placed 

over the wafer, and any exposed photoresist is exposed to UV light for 12 seconds (d).  

The wafer is placed in 4:1 DI water:AZ400K developer to remove any UV exposed 

photoresist (e).  Upon placement in BOE solution, the sol-gel not covered by remaining 
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photoresist is removed (f).  The remaining photoresist is then rinsed away with acetone, 

leaving patterned sol-gel (g).  Carbon nanotubes grow on the patterned sol-gel through 

chemical vapor deposition (h). 

 

2.3 Chemical Vapor Deposition Process 

 The patterned silicon wafers are placed in a CVD chamber, owned by our 

collaborators at Portland State University.1  The wafers go through a series of calcination 

and activation steps before growth finally occurs.  The calcination step occurs at 450 °C 

for 120 minutes at a pressure of 0.4 mBar.  The activation stage occurs at 100mBar, with 

385sccm of H2 flowing through the chamber.  This stage takes 90 minutes, with a 

ramping of temperature from 500 °C, to 600 °C, to 750 °C taking place at 30 minute 

intervals.  Finally, the growth stage occurs, with 25 sccm of C2H2 flowing through the 

chamber along with the 385 sccm H2.  This stage lasts for 30 minutes. 

 The ~10nm iron nanoparticles lying on the sol-gel behave as a catalyst.  The 

catalytic nature of the iron and the 750 °C temperature cause the C2H2 to dissociate upon 

contact with the nanoparticle.  The carbon is absorbed into the nanoparticle, while the 

hydrogen escapes the chamber.  The carbon in the nanoparticle will reach a saturation 

point as more carbon enters the particle.  The saturated carbon will flow to the surface of 

the particle and form into a CNT.2   

 

 

 

 



 28 

 

 

 

 

Figure 2.2 - Diagram of a CVD chamber 

 

 There are two different growth mechanisms observed during the growth of CNTs 

using CVD, as a result of the strength of the adhesive bond between the iron 

nanoparticles and the sol-gel substrate.  If the iron nanoparticle is adhered strongly to the 

sol-gel substrate, as the carbon supersaturates and forms a CNT, the CNT will grow out 

of the top of the iron nanoparticle, while the particle remains adhered to the sol-gel.  This 

is referred to as base growth.3  When the iron nanoparticle is not well adhered to the sol-

gel surface, the growth occurs at the bottom of the carbon nanotube, the nanoparticle 

breaks away from the sol-gel, and follows the tip of the CNT as it grows.  This is referred 

to as tip-growth.3 A diagram of the two different growth mechanisms is shown in Figure 

2.3.  An SEM image in Figure 2.4 demonstrates tip-growth.  The metallic nanoparticle, 

due to easily released secondary electrons, will show up brighter than a CNT.   

C2H2 
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Figure 2.3 - The two growth mechanisms for CNT growth during chemical vapor 

deposition.  From Dupuis.3  

 

                                 

Figure 2.4 - CNTs within a VACNT turf.  The red circles indicate tip growth. 
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2.4 Tungsten-carbide probe experiment 

 Initial experiments were conducted to explore the effects of the contact area on 

the electrical resistance of a VACNT turf using of a contacting probe.  As diagrammed in 

figure 2.5, a tungsten carbide probe was brought above the turf (a), and then brought into 

contact with the top of the VACNT turf, and another tungsten carbide probe was touched 

on the blank wafer near the turf (b).  Resistance measurements gave a value of ~130 kΩ.  

The tip was then brought up from contact (c) and brought into contact again (d).  

Resistance during the second contact has been an average of ~500 kΩ higher than the 

first measurements.  In an attempt to discover why the resistance increased on the 2nd 

contact, the tungsten tip was imaged using Scanning Electron Microscopy, and are shown 

in Figure 2.6.  This result demonstrates the adhesive properties of carbon nanotubes, due 

to strong local Van der Waals interactions.  Unless the stickiness is suppressed by 

reducing local Van der Waals forces, carbon nanotubes are not useful as thermal 

switches.   
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Figure 2.5 - Electrical measurement of uncoated VACNT turf using a tungsten-carbide 

probe 

 

                                     

Figure 2.6 - CNTs from a VACNT turf, adhered to a tungsten-carbide probe 
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2.5 Mechanical transfer of VACNT turfs 

 A major issue in the application of VACNTs as a thermal switch in MEMS 

devices is the high temperature required for VACNT turf growth.  VACNT turf growth 

using CVD requires temperatures around 750 °C.  The construction of the heat transfer 

device is often one of the final phases in MEMS construction, and 750 °C temperatures 

will usually result in damage to the device.  Thus, in order for VACNT turfs to be useful 

in MEMS and microelectronics, the VACNT turf must be grown separately and then 

mechanically transferred to the device at a much lower temperature, as shown in Figure 

2.7. 

 

 

 

 

 

 

Figure 2.7 - Concept of mechanical transfer of a VACNT turf 

 

 Tests were first conducted to see if it was possible to transfer a bare VACNT turf 

to a bare silicon wafer at room temperature, as diagramed in Figure 2.7.  The top of the 

VACNT turf was brought into contact with a bare silicon wafer and the structure was 

compressed.  A major goal in the mechanical transfer of VACNT turfs is to cause as little 

damage as possible to the VACNT turf.  As shown by Zbib in the previous chapter, 
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VACNT turfs buckle, and the stress required to cause buckling of the turf is dependant on 

the height of the turf.  Thus, the maximum amount of force able to be applied to the 

structure is chosen based on the height, to minimize damage to the VACNT turf.   

The first tests used compression that was well below the buckling stress, with the 

goal of trying to mechanically transfer turfs with minimal damage to the turf.  For this 

purpose, no extra weight was placed on the structure, and only the weight already 

provided by the silicon wafer was used, which led to a small stress of 0.75 kPa.  This 

structure was placed in a furnace at 350 °C for four hours.  No transfer was observed in 

the attempts to transfer a bare VACNT turf to a bare silicon wafer.  If any bonding 

occurred between the top of the VACNT turf and the silicon wafer, as should be expected 

due to the observance of Van der Waals interactions, the bonding was insufficient to 

overcome the strength of the bond between the VACNT turf and the sol-gel substrate. 

 Zbib et al demonstrated that a thin film of gold reduces Van der Waals 

interactions with CNTs and makes VACNT turfs more compliant, which are ideal 

properties for thermal switches.  The characterization of the effects of a gold film, 

including the morphology of the top of the VACNT turf, has led to the idea of taking 

advantage of the gold film in the attempts to mechanically transfer VACNT turfs.  The 

idea is to use heat, pressure and time to create bonding through diffusion, and make the 

bond strong enough that when the structure is pulled apart, the bond is stronger than the 

bond between the VACNT turf and the sol-gel, breaking that bond and allowing transfer 

to occur. 

 The second test brought a VACNT turf sputtered with a 5 nm TiW adhesion layer 

and 300nm of gold into contact with an uncoated silicon wafer and heated at 450 °C for 
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one hour.  The TiW layer has been shown to strengthen the bond between a gold film and 

its substrate.  For all subsequent experiments where a gold film is sputtered, a 5 nm TiW 

layer is first deposited.  For this experiment, as previously out of concern for damage to 

the VACNT turf, the test was conducted without any weight being placed on the 

structure.  The total weight on the VACNT turf was equal to the weight of the uncoated 

silicon wafer, which applied a stress of 0.75 kPa, well below the buckling stress of the 

VACNT turf.  Two transfers were attempted in these conditions, and neither of them 

produced any transfer.  Another run was attempted at a temperature of 750 °C for 3 

hours, in an attempt to increase the rate of diffusion bonding.  This produced no transfer, 

and ended up causing damage to both the turf and the gold film, due to the high 

temperature, as shown in figure 2.8.  The gold/silicon binary phase diagram revealed that 

gold and silicon are eutectic at 380 °C.  This produces an upper temperature limit for the 

use of gold films as a mechanism for thermocompression bonding to a silicon wafer. 

 

 

 

 



 35 

                                 

Figure 2.8 - Damage to a VACNT turf array still on its original substrate after attempted 

mechanical transfer at 750 °C 

 

 With the temperature restrictions put in place by the eutectic temperature of gold 

and silicon, and the further temperature restrictions required for mechanical transfer of 

VACNT turfs to be useful in MEMS applications, gold was temporarily discarded as the 

metal of choice.  Due to low melting temperature, tin was selected as a candidate for 

mechanical transfer. 

 Tin has a melting point of 232 °C, making it a viable candidate for mechanical 

transfer, due to its ability to diffusively bond at lower temperatures.  A VACNT turf was 

coated in 300 nm of tin, and then brought into contact with a silicon wafer, also coated in 

300 nm of tin.  The sample was left in a furnace at 210 °C overnight, totaling 18 hours.  

The process resulted in no transfer.  An odd occurrence during the transfer attempt was a 

discoloration of the film.  It was realized that, since the heating occurred in ambient air, 

the tin was oxidizing. 
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 The oxidizing of the tin film proved to be detrimental for mechanical transfer.  In 

order to use tin, oxidization has to be prevented, by doing mechanical transfer either in an 

inert environment or a vacuum.  Even if oxidation is controlled during processing, it also 

leads to an issue with usage of the device as a thermal switch.  Any oxidation of the film 

during usage of the device will lead to the device becoming ineffective, and shorten the 

potential lifetime of the device.  This led to gold being reconsidered, due to its inertness 

at even very high temperatures. 

 Mechanical transfer tests conducted with gold films, to this point, had been 

attempted with very little weight on the sandwich structure, usually little more than the 

weight of the turf.  The buckling model provided by Zbib showed that in the case of short 

VACNT turfs, a considerable amount of weight could be placed on the turf before 

buckling occurred.  Therefore, the next step in trying to transfer VACNT turfs using gold 

films was to vastly increase the amount of weight placed on the sandwich structure.  

Furthermore, it has been demonstrated that transfer does not work when trying to transfer 

to an uncoated silicon wafer.  By also coating the silicon wafer with a 5 nm TiW 

adhesion layer and 300 nm of gold, and placing the top of the similarly gold-coated 

VACNT turf against the gold film under pressure at an elevated temperature, the gold 

films should adhere to each other through diffusion bonding.  

A 5 nm TiW adhesion layer, along with a 300 nm gold film was sputtered on a 

short ~20 um tall, 4x4 mm2 turf, and brought into contact with a silicon wafer, similarly 

coated with 5 nm TiW and 300 nm of gold.  A 450g weight was placed on the structure, 

much higher than the fraction of a gram of weight provided by the silicon wafer alone.  

The 450 g produces a stress of 1.1 MPa, which is sufficient enough to cause a lot of 
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buckling and damage to a tall turf, but will not damage a short turf, as shown by Zbib's 

buckling model in the previous chapter.  With the gold/silicon eutectic temperature being 

380 °C and a maximum temperature being set as a result, a new transfer temperature of 

350 °C was attempted.  The structure was left overnight at 350 °C, which totaled 

approximately 12 hours.  Upon separation, the turf had transferred, as shown in Figure 

2.9. 

 

 

 

 

 

 

 

 

Figure 2.9 - Diagram of successful mechanical transfer using dual gold films.  The sol-gel 

does not transfer with the turf. 

 

(a) (b) (c) 

(d) 
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Figure 2.10 - SEM image of the side of a mechanically transferred VACNT turf 

                           

                           

Figure 2.11 - SEM image of the top of a mechanically transferred VACNT turf where 

some of the sol-gel interface transferred with the turf. 

 

The turf is now in an inverted configuration on the gold-coated wafer.  The 

combination of heat, pressure and time causes the gold film on the silicon wafer and the 
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gold-coated CNTs on top of the VACNT turf to adhere to each other with a strength 

sufficient enough to break the bond between the bottom of the VACNT turf and the sol-

gel that it grew on.  The sol-gel remained on its original substrate, which is a very ideal 

condition for using the VACNT turf as a thermal switch, or even as an electrical switch, 

because the ceramic sol-gel film would no long be an impedance to conduction.  There 

have been cases of sol-gel transferring with the turf, due to excessive stress, as shown in 

Fig 2.11.  As long as the stress is controlled according to Zbib's buckling model, sol-gel 

transfer does not occur.  

 

2.6 Optimization of mechanical transfer process 

 350 °C is still an excessively high temperature for MEMS devices, so it is ideal to 

find out how low the temperature can be taken and still allow mechanical transfer of 

VACNT turfs to occur.  A temperature that is acceptable to MEMS devices without any 

damage occurring is 150 °C.  A similar test to the first successful transfer was conducted, 

with a short VACNT turf, coated in 300 nm of gold, being brought into contact with a 

silicon wafer coated in 300 nm of gold.  This sample was left overnight at 150 °C, 

totaling 12 hours.  Upon separation, transfer was successful, showing that transfer could 

occur at temperatures as low as 150 °C. 

 A second issue in the mechanical transfer process that needs to be minimized is 

the time that the sample is compressed at an elevated temperature.  Samples up to this 

point had been left overnight, or at least 12 hours, making the process not ideal if it is 

ever to reach any kind of production scale. 
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 Samples were tested under the same circumstances as previously, with VACNT 

turfs coated in 300 nm of gold and then brought into contact with another silicon wafer 

coated in 300 nm of gold.  All samples were heated to 150 °C, but instead each sample 

was exposed to that temperature for a varying amount of time, starting from eight hours 

and going down to around thirty minutes.  Results of these tests showed transfer 

occurring with all samples greater than two hours, with minimal transfer occurring at less 

than two hours.  Figure 2.12 shows SEM images of minimal transfer due to inadequate 

bonding time, showing small tufts and small spots of gold that transferred, leaving the 

bulk of the VACNT turf un-transferred. 

 

 

 

 

 

 

 

Figure 2.12 - Failed attempt at mechanical transfer of a VACNT turf due to inadequate 

bonding time. 
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Fig 2.13 - Damage to a transferred VACNT turf due to excessive stress and buckling.  

The gold coated side of the turf reaches the contact surface and bonds as a result, as 

shown by the red arrow.  Sol-gel is present along the sides of the VACNT turf. 

 

 Finally, as discussed earlier, this process should produce mechanical transfer of 

VACNT turfs while causing minimal damage to the turf itself.  Initial tests were done 

with minimal weight and produced no transfer, while tests done at a weight higher than 

the turf's buckling stress will produce transfer, but cause damage and deformation to the 

turf as a result, as shown in Fig 2.13.  The buckling stress for short turfs has been shown 

to be considerable, allowing a 0.5 kg weight, or 1.22 MPa of stress on a 4x4 mm2 

VACNT turf, to be placed on the small sandwich structure without damage to the turf.  

Even taller turfs on the order of ~100 um, while not able to handle the weight that shorter 

VACNT turfs can accept, are still able to accept weight from 50 to 100 grams, which is a 

weight that has been shown to be adequate enough for mechanical transfer to be 

successful.   

 Time, temperature and stress have all been taken into consideration in the 

attempts to optimize the mechanical transfer process.  The process that has been shown to 
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produce consistent results is at least two hours of compression at 150 °C, using a stress 

just below the buckling stress of the VACNT turf. 

 

2.7 Height variation of large VACNT turfs 

 A major issue in the mechanical transfer of VACNT turfs is the variation of the 

height across a VACNT turf, which typically occurs with large turfs.  Uniform growth 

during the CVD process is dependant on the ability for the carbon containing gas to be 

able to successfully reach the sol-gel substrate as it flows over the top of the substrate.  

With very large VACNT turfs, the CNTs that grow near the perimeter of the turf grow as 

normal, but CNTs near the center of the turf do not grow as well.  Figure 2.14 shows 

SEM images of a non-uniform VACNT turf and a diagram of what a profile of an uneven 

turf typically looks like. 

 

 

 

 

 

 

 

 

 

 

 



 43 

            (a)                                                        (b) 

                                                                         

Figure 2.14 - (a) A typical profile of a large, uneven VACNT turf, where the exterior of 

the turf tends to grow taller than the interior.  (b) An SEM image of a gold coated uneven 

VACNT turf 

 

 The uneven height of a large VACNT turf results in multiple issues when trying 

to mechanically transfer the turf.  In order for the gold coated silicon wafer to make 

contact with the center of the turf, the exterior of the turf must be buckled down to reach 

the interior's height.  This requires placing extra weight on the structure, damaging the 

exterior of the turf in the process.  If, as done in prior tests, the amount of weight applied 

is chosen to avoid buckling of the turf, the interior of the turf will never contact the 

silicon wafer, and will never have an opportunity to bond.  Figure 2.15 demonstrates 

what happens in this case. 
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Figure 2.15 - (a) - (c) The mechanical transfer of a large non-uniform VACNT turf  (d) an 

SEM image of the resulting transfer 

 

 A solution must be found to address the uneven turf height.  A potential solution 

is to pattern channels in the sol-gel prior to growth, turning the large VACNT turf into an 

array of closely packed square arrays.  This would allow the carbon containing gas during 

the CVD growth process to diffuse better to the center of each turf, since smaller VACNT 

turfs tend to not have uneven height issues, as displayed in figure 2.16, shown by 

Terrones.  This brings in new issues with mechanical transfer of arrays, which will be 

(a) (b) 

(c) (d) 
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discussed in chapter four.  Arrays have less lateral strength than one single turf, and are 

likely to "fall over" during compression, as will be shown. 

 

                     

Figure 2.16 - closely packed square arrays of VACNT turfs, which can potentially 

overcome the non-uniformity issue demonstrated during the growth of large VACNT 

turfs.  From Terrones.4 

 

2.8 Conclusion 

 This chapter outlined the steps in growing VACNT turfs, including the 

development of the sol-gel, the sol-gel deposition process on the silicon wafers, and the 

growth mechanisms of CNTs in chemical vapor deposition.  Initial experiments exploring 

the electrical properties of uncoated VACNT turfs were discussed, followed by the 

development of the mechanical transfer process and the parameters adjusted for 

successful mechanical transfer to occur.  An optimization of the mechanical transfer 
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process was outlined, followed by a discussion of the height difference of very large 

VACNT turfs, and the issues in their mechanical transfer due to the non-uniform height.   

 The following chapter will discuss the characterization of the mechanical transfer 

process, including mechanical and electrical effects during separation, and will present a 

model for separation. 
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Chapter Three 

3. Characterization of the thermocompression bonding of vertically aligned carbon 

nanotube turfs to metallized substrates 

 

3.1 Introduction 

 Carbon nanotubes are a novel material with properties that make them attractive 

for use in thermal applications, such as thermal switches1,2,3 and thermal interface 

materials4, due to exceptional mechanical properties5 (as they should show little 

mechanical wear during contact), and a very high thermal conductivity of up to 3000 

W/m*K6.  They also have possible applications in use as electrically conducting 

mediums, such as the MEMS micro-engine, or as a replacement materials as 

interconnects in microelectronics7. For applications that require transport over distances 

of µm’s, it is likely that arrays or assemblages, rather than individual, nanotubes will be a 

useful structure.  Vertically aligned carbon nanotube turfs8 (VACNTs), also sometimes 

referred to as forests, are entangled, nominally vertical arrays of nanotubes, which can be 

either single-walled or multi-walled; one common technique for fabricating these 

structures is chemical vapor deposition (CVD)9. The temperature required for growth of 

VACNTs using CVD is often approximately 700 ºC10,11.  The high temperatures required 

for growth may limit the ability to grow VACNTs directly onto a microelectronic device 

or microelectromechanical system (MEMS).  To separate the thermal budget for the 

growth conditions from the possible limits in processing temperatures in electronic and 

MEMS applications, it would be beneficial to be able to transfer a patterned array of 

VACNTs to a different substrate for use in a complete system.  
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 Several different methods of VACNT transfer between the growth substrate and 

another substrate have been demonstrated by a range of research groups.  In general these 

have focused on the ability to transfer a VACNT array from a broad turf to a patterned 

media.  These include transfer using a low temperature solder12, transfer onto polymer 

films13, "dry contact transfer" onto polymeric adhesive tape14, and a wet transfer 

method15.  In all these cases, the VACNT is grown, and then transferred to a different 

substrate.  The substrate it is transferred to is most likely stiffer elastically than the 

VACNT array, as similar VACNT structures have been shown to have a tangent elastic 

modulus of 10-20 MPa16.   

 This paper outlines a solid-state transfer process of thermocompression bonding 

VACNTs to metallized semiconductor surfaces, such as those that might be found in 

either thermal or electrical contact applications.  As optimized in the previous chapter, 

this process allows for the direct transfer at 150 ºC of separately grown VACNTs to other 

silicon based metallized substrates, a temperature within the acceptable thermal budget of 

MEMS or semiconductor processing17.  Separation stresses of interfaces are 

characterized, along with the electrical resistance of the bonded VACNTs.  Finally, a 

model of separation during mechanical transfer is presented. 

 

3.2 Fabrication and Experimental Procedures 

 VACNTs were grown using a sol-gel catalyst suitable for photolithographic 

patterning and subsequent CVD11.  The CVD process in this study produces multi-walled 

carbon nanotubes (MWCNTs).  To briefly summarize the growth conditions, detailed in 

the previous chapter, a TEOS based sol-gel containing iron nitrate was spun onto boron 
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doped silicon wafers, and then patterned using photolithography.  The pattered samples 

are heated to 750 °C, whereupon Fe precipitates in the glass phase, leading to 10-20 nm 

particles which act as catalysts for CNT growth16. The CNTs grow in a nominally vertical 

direction.  The pattern used for these experiments was a square, 4 mm on a side; this 

method has previously been used to pattern VACNTs to dimensions of less than 5 µm on 

a side18.   

 For each sample, an FEI Sirion SEM was used to measure the height of the CNT 

turf.  The thickness of the VACNT varied from sample, and ranged between 20 and 100 

µm.  The nominal volume was simply calculated from the area and thickness 

measurements. To quantify the nominal density of the VACNT, the nominal volume of 

the turfs was measured, and then the turf was removed from its substrate, and the weight 

difference was measured using the scale of a Perkin-Elmer TGA, which has a sensitivity 

of 0.1 µg.  These measurements are used to calculate the density of the CNT turf. 

The top of the CNT turf was sputter coated with a 5 nm TiW adhesion layer and 

then a nominally thick 300 nm Au film.  This sputtering does not form a uniform gold 

film on top of the turf.  Rather, the gold encapsulates the individual nanotubes or small 

clusters of tubes.  Micrographs of the top surface of the patterned and gold-coated 

structures are shown in Figure 3.1.   

The gold encapsulated top of the turf was then brought into contact with an 

oxidized silicon wafer, similarly coated with a 5nm TiW adhesion film and a 300 nm Au 

film, forming a sandwich structure.  Thermocompression bonding was used to bond the 

gold layers together.  The structure was compressed with a load appropriate to generate a 

nominal stress in the turf sufficient to cause, but not exceed, the buckling stress, which is 
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dependant only on the height and effective elastic modulus of the turf19. In most cases in 

this paper the applied load was between 0.5 and 5 N.  The sample was then heated to 150 

ºC in ambient laboratory air.  A minimum of two hours was required to make the Au/Au 

interface sufficiently strong to allow mechanical transfer, meaning that the Au/Au 

interface was stronger than the interface between the sol-gel and the base of the 

VACNTs, referred to as the sol-gel interface. These steps are shown schematically in 

Figure 2, along with an optical photograph of the bonded structure. 

                           

Figure 3.1 - Top view of as grown (a) and gold-coated (b) VACNTs showing general 

morphology of the structure. 
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 An electrical connection using conductive epoxy was formed on the gold film on 

both silicon wafers, establishing an electrical circuit through the VACNTs that bypass the 

silicon wafers.  The bonded sandwich structure was placed into an electromechanical test 

stand in which one silicon die (the “top”) was fixed to a rigid aluminum frame, and a 

tensile load was applied to the structure by moving a two-prong fixture with a Parker 

stepper motor, and hence imposing a fixed displacement rate of 4 µm/s, to the “bottom” 

die, effectively pushing the bottom die away from the fixed “top” die.  This is shown 

schematically in Figure 3.2c.  The applied load was monitored using a Honeywell 

miniature load cell.  The nominal stress (the applied load divided by the original nominal 

area defined by the pattern), as well as the electrical resistance of the turf, was monitored 

as a function of displacement as the turf was separated.  The voltage across the turf is 

measured during separation.  A 24.3 Ω resistor was placed in series with the sandwich 

structure, and a 1 V potential is placed across the circuit using a Hewlett Packard DC 

power supply.  Current through the turf can be calculated by measuring the voltage across 

the resistor.  The resistance of the turf can then be directly determined from the current-

voltage measurements.  
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Figure 3.2 - (a) Thermocompression bonding of a CNT turf at 150C for >2 hrs.  (b) An 

optical image of the sandwich structure profile. (c) Schematic of separation process, with 

the top wafer fixed and a normal force applied to the bottom wafer. 

 

After the silicon die sandwich structure has been separated, inspection of the 

interface showed that the sol-gel interface fails, and the turf has transferred to the Au-

coated wafer.   The sol-gel is left on the original substrate, and VACNTs are inverted 

from their original position on the Au-coated wafer.  Using this structure, where the gold 

coated top of the VACNTs are now the base for the next bonding step, the VACNT is 

again coated with nominally 5nm TiW and 300 nm Au, and then thermocompression 

bonded with another gold coated silicon wafer with the same thickness layers.   Upon 
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completion of this step a complete double Au/Au interface sandwich structure  (SiO2–

TiW-Au-Au-TiW-VACNT-TiW-Au-Au-TiW-SiO2) has been formed.   

The separation from the solgel characterizes the strength of the solgel interface, 

but does not indicate the strength of the Au-VACNT bond, except that it is stronger than 

the solgel interface.  To characterize the strength of the gold interface, the complete 

sandwich structure was tested in tension while monitoring the electrical resistance of the 

structure.    

  

3.3 Results and Discussion 

The CNT array is shown before and after the transferring process in figure 3.3, 

where position (A) in figure 3(a) is the same location as position (A) in figure 3.3b.  To 

verify electrical conductivity, an I-V curve was performed on the bonded structures.  Two 

typical curves from two separate samples are shown in figure 3.4; the linearity of the 

curves suggest metallic behavior in the VACNTs used in this study.  Both turfs were 50 

µm thick and had nominal areas of 8.7 and 16 mm2 projected area; therefore the 

conductivity of the turfs are 2.1 and 1.2 S/m, respectively.  The conductivity varied 

significantly between samples; values between 1 to 50 S/m were measured on samples in 

this study, though the conductivity of a given sample was reproducible.  Work reported 

by Kang20 on MWCNT turfs shows conductivity on the order of 10 S/m, similar to this 

current study.  The nominal density of our VACNT turfs is ~0.13 g/cm3
, with density 

values ranging from 0.016 to 0.232 g/cm3.  This is consistent with density measurements 

conducted by Wang et. al21, who reported a density of 0.032 g/cm3. SEM images of the 

rough morphology of the CNT turfs and this low density suggest that the actual contact 
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area is much lower than the nominal area, and therefore it is to be expected that the actual 

electrical conductivity of the individual tubes are substantially higher than calculated 

using the nominal areas.  The I-V curves both show an electrical resistance of 2.7 Ω; the 

typical electrical resistance of the sandwich structures is ~2 Ω.   

 

                           

Figure 3.3 - A corner of an Au coated CNT turf prior to transfer (a), and the same corner 

after mechanical transfer on a different substrate (b).  The letters correspond to equivalent 

points.  
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Figure 3.4 - I-V curves for two different sandwich structures (open circles and x’s) with 

Au/Au interfaces on both sides of the CNT turf. 

 

 

The nominal tensile stress and resistance was measured as a function of 

displacement during separation from the underlying catalyst layer, as shown in figure 3.5 

for a typical sample.  The behavior is non-linear, and can be separated into four different 

regions of behavior, shown schematically in figure 3.6.  First, previous research has 

shown that during compression the VACNT buckles19; therefore we suggest that the 

initial tensile load results in a reversal of the barreling or buckling that took place during 

thermocompression bonding.  With continued tensile loading, it is reasonable to expect a 

straightening of the relatively tortuous topology of the nanotubes will occur, 

corresponding with a change in the slope of the stress – displacement curve.  The stress 

reaches a peak, referred to as the separation stress, noted as position (3) in figure 3.5, and 

it can be assumed that at this point nanotubes start detaching from the sol-gel surface (as 

the strength of individual CNTs has been demonstrated to be orders of magnitude greater 
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than this nominal stress, and even higher than that if the stress was calculated using an 

area that was scaled to the density of the VACNT compared to a single CNT).  In region 

four, with decreasing loads and nominal stresses with increasing displacement, the 

nanotubes continue to separate from the sol-gel and the turf is fully transferred.  

 

                             

                                     

Figure 3.5 - Stress and electrical resistance vs displacement during mechanical transfer of 

a CNT turf off of its original sol-gel substrate.  Labels correspond to different regions of 

behavior by the CNT turf during separation.  Electrical resistance goes to infinity upon 

separation. 
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Figure 3.6 - Mechanical transfer of a VACNT turf from its sol-gel substrate, also showing 

where electrical leads are connected.  Four proposed mechanisms of behavior are noted, 

which correspond to the labels on Fig 3.5. 

 

The increase in electrical resistance during the buckling reversal and straightening 

phases of separation can be attributed to detangling of the CNTs.  We believe that many 

CNTs terminate within the turf without ever reaching the contact surface.  This would 

lead to those CNTs being unable to contribute to the resistance of the turf unless they are 

interacting with nearby nanotubes that reach the surface.  There is a further increase in 

resistance when the separation stress is reached, as CNTs begin to detach themselves 

from the solgel, decreasing the actual contact area and the number of CNTs available to 

conduct electrons.  The increase in the electrical resistance during the entire pull-off 

process from the sol-gel is ~1 Ω, which is a 20% increase.  
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Similar measurements were conducted with the complete sandwich structure 

where each side of the turf has an Au/Au interface.  Figure 3.7 shows the stress and 

electrical resistance as a function of displacement for the separation of a sandwich 

structure consisting of a 20 µm tall CNT turf with Au/Au interfaces on both side of the 

turf.  First, note that the nominal strain in the structure is between 200 and 300%; even if 

the weight of the sample and thermocompression bonding had shortened the VACNT to 

an infinitesimal thickness the sample has extended at least twice it’s original height.  

                             

Figure 3.7 - Stress and electrical resistance vs displacement during separation of a 

sandwich structure with Au/Au interfaces on both sides of the CNT turf. 

 

   While Figure 3.7 demonstrates a similar mechanical response for the separation of 

a turf being pulled off of the sol-gel layer, the electrical response is very different.  The 

electrical resistance is a factor of four lower than the initial separation from the sol-gel.  

This should be expected, since there is no insulating sol-gel layer.  In this structure, 

however, the change in resistance during separation is an order of magnitude less than the 

resistance change when the turf is being pulled off of the growth substrate. The Au 
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coating electrically links all of the tubes with each other, while in the case of the solgel 

structure the nanotubes on the solgel side of the sandwich structure are electrically 

isolated from each other by the oxide.  This places more importance on the entangled 

linking between the nanotubes within the turf.  With the Au/Au structure, the detangling 

of the nanotubes during separation has less of an effect on the conductivity than the 

original transfer, since the gold film already links them to each other.  There is still a 

slight increase in resistance after the separation stress is reached, due to a decrease in 

contact area.  

 Twelve samples were transferred from the sol-gel layers to an Au coated wafer, 

and six of those were then successfully bonded to another wafer.  It is to be expected that 

the average separation stress for an Au/Au interface is higher than the separation stress 

off of the sol-gel. Transfer from the sol-gel results in an average nominal separation 

stress of 0.42 MPa, where the total range of measured stresses was from 0.08 to 0.58 

MPa, while the average separation stress for an Au/Au interface is 0.553 MPa with a 

range spanning 0.26 to 0.88 MPa.   

 The final separation in the complete Au/Au sandwich structure can be complex.  

One Au/Au interface may be stronger than the other, or both may have similar strengths.  

This results in cases where the turf may transfer to either one or the other substrate, or 

parts of the turf stay on both substrates.  In some cases, tufts of a turf may transfer, while 

the bulk of the turf does not transfer. The tensile strengths of this interface do not show a 

Gaussian distribution, and hence the difference between the two lots of samples (stress 

required to remove the sample from the growth substrate, and the stress required to 

separate the sandwich structure) was analyzed using a Wilcoxon statistical analysis22, the 
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result of which gives a p-value of 0.07.  Statistical significance is generally assumed 

when p is less than 0.05, so we cannot conclusively state that the connection is 

statistically significant, though the higher mean value for separating the bonded structures 

in the complete sandwich structure are what would be expected for this transfer 

technique. 

 The sandwich structures were prepared and separated in batches, with the initial 

bonding and sol-gel pull-off occurring in a batch along with other samples.  The batch of 

transferred turfs was then sputtered with gold, bonded with a gold-coated wafer, and then 

separated to get measurements of the Au/Au interface failure.  Because of the batch 

process, the individual turfs were not tracked between their sol-gel pulloff and their 

Au/Au interface test, although it was possible to track the samples.  One sample was 

tracked through both its sol-gel pulloff and the Au/Au interface pulloff.  The separation 

stresses were 0.58 MPa and 0.62 MPa, respectively, lending further credence to the 

assumption that the Au/Au interface is stronger than the sol-gel interface.  

The bonded structure can potentially fail in four different places.  The likely 

failure locations, shown schematically in Figure 3.8, include (1) failure of the nanotube 

itself; (2) an "unsheathing" of the nanotube from its gold encapsulation; (3) a failure of 

the thermocompression bond between the Au/Au interface; and  (4) a delamination of the 

Au film from the Si wafer.  Electron microscopy observations of the failed interfaces 

showed that the bond typically failed at (3), the Au/Au interface, also shown in Figure 8.  

There should rarely be a failure under conditions (1) or (4) noted above, as the level of 

applied nominal stress is extremely unlikely to cause failure of the nanotube or 
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delaminate the Au film from the Si substrate, and indeed we did not observe any evidence 

of failure modes (1) and (4), and only rarely observed (2).   

 

                          

Figure 3.8.  Potential failure points of the Au/Au interface: Failure of the nanotube (1).  

"Unsheathing" of the nanotube from its Au encapsulation (2).  Failure of the 

thermocompression bond (3).  Delamination of the Au Film (4).  Arrow on SEM image 

indicates (2) type failure, while the majority of failure falls under the type (3) behavior.   

 

 Several unique features of using VACNTs as conductive interface materials can 

be noted from this study.  First, the electrical resistance of the structures was not 

significantly dependent on the nominal density of the turf.  When compressed on the 

order of 50%, based on the applied stresses noted from previous work19, and when 

extended by up to 200%, the conductivity was effectively constant to within the range of 

our measurements.  This is similar to the results of work by Yaglioglu23, who monitored 

the conduction during contact of gold sphere into a VACNT.  Changes in their contact 

resistance could be interpreted as solely linked to changes in contact area of the sphere.  

Therefore, improvements in conductivity must focus either on increasing the actual 

growth density (more CNTs per square mm of growth surface) or in reducing the contact 

resistance of the structures.  Secondly, the VACNT structure is robust even when buckled 
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and deformed, and with moderate applied loads the device can be “straightened”.  This 

also suggests that changes in dimension due to thermal expansion mismatches will be 

low, as the modulus of the VACNT is much lower than most semiconductor packaging 

materials and will be elastically deformed to accommodate their dimensional changes 

during loading, as well as providing some latitude in the process of thermocompression 

bonding.  Finally, the compliance of the coated structure was tied closely to the ability to 

thermocompression bond the device.  Only nominal stresses near the buckling stress were 

able to successfully bond the device as constructed.  Longer times at lower stresses using 

the same bonding temperature were unable to successfully transfer the VACNT from the 

growth substrate to the metallized wafer; suggesting the interplay between mechanical 

and thermal diffusion processes will need to be examined in more detail.   

 

3.4 Conclusions 

 This paper introduces a new technique that allows dry mechanical transfer of 

VACNTs at 150 °C to metallized substrates using thermocompression bonding.  This 

process allows for VACNTs to be grown separately and then be mechanically transferred 

to a device within an acceptable thermal budget for most microelectronics and MEMS 

devices.  The process can form either a contact switch for electrical or thermal switching 

(i.e. after the first transfer step), or, once a complete sandwich is formed, a permanent 

conductive interface (such as an electrical or thermal interface material). The nominal 

strength of the VACNT to the sol-gel growth layer was 0.42 MPa, whereas the nominal 

strength of the Au coated VACNT to an Au coated substrate was 0.53 MPa.  The 

compressed interface was shown to have non-linear mechanical behavior, likely linked to 



 63 

un-buckling of the initial buckled turf, the straightening of the individual tubes, and the 

subsequent separation from the substrate by individual tubes.  The change in electrical 

resistance during separation was minimal; in the case of the Au-CNT-Au couple less than 

a 10% increase in electrical resistance was observed even with a greater than 200% 

elongation of the turf’s nominal height.  This suggests significant flexibility in the 

assembly and use of these conductive layers.   
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Chapter Four 

4.  Mechanical Transfer in new configurations and electrical and thermal 

characterization of transferred VACNT turfs  

 

4.1 Introduction 

 The previous chapter discussed details on the characterization of the mechanical 

transfer process for VACNT turfs.  A model of separation was presented, with separation 

occurring in four discrete areas.  First, any initial buckling in the turf is reversed.  This is 

followed by an unwinding and detangling of the CNTs as the turf is extended.  As the 

separation stress is reached, CNTs begin to separate from the sol-gel substrate.  Finally, 

the final CNTs separate, and the transfer occurs. 

 An important observation in the previous chapter's results is the amount of 

deformation that a transferred VACNT turf can take without causing an appreciable 

change in resistance.  The gold films encapsulating both sides of the VACNT serve as an 

electrical link between the nanotubes, allowing deformation to occur within the turf 

without having an appreciable impact on the electrical paths through the turf.   

 This chapter explores attempts at mechanical transfer for different configurations 

of VACNT turfs, including arrays of VACNT turfs, and trying to pull specifically 

patterned areas of a single large VACNT turf.  Further electrical probing of both non-

transferred gold coated VACNTs turfs and transferred VACNT turfs will be discussed, 

with a discussion on how the VACNT turfs behave electrically while being both heated 

and cooled and an exploration of the effect of turf size on electrical conductivity.  The 
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chapter concludes with an overview of transfer of VACNTs onto Kapton and a 

comparison of mechanical and thermal values of VACNTs with published literature. 

 

4.2 Mechanical transfer of VACNT arrays 

 

 All mechanical transfers of VACNTs described up to this point have been single 

VACNT turfs, with a size on the order of 4x4 mm2.  Arrays of VACNT turfs can be 

transferred in exactly the same method as was previous accomplished with the larger 4x4 

mm2 VACNT turfs.  The amount of stress is applied in the same way, with the total 

contact area equaling the sum of the area of each individual VACNT turf.  

Thermocompression bonding occurs at 150 °C for a minimum of two hours.  Array 

configurations vary from 20x20 to 60x60 individual VACNT turfs, with each turf varying 

from 20 to 60 µm in size. 

 Figure 4.1 shows the first successful transfer of an array of VACNT turfs.  An 

observation of the results of the mechanical transfer of VACNT arrays brings into light 

new issues that must be taken into account.  An immediate observation is the partial 

transfer of the arrays, including partial transfer of individual turfs, as shown in Figure 4.1. 
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(a)                                                                     (b) 

        

Figure 4.1 - (a) The original substrate after an attempt at mechanical transfer of an array 

of gold coated VACNT turfs  (b) The transfer surface, showing partial transfer of the 

arrays 

 

Another issue that requires care in the mechanical transfer of the VACNT turfs is 

verifying that the compression applied to the sandwich structure during 

thermocompression bonding is normal, minimizing any shear stress placed on the 

VACNT turf.  In the case of a 4x4 mm2 turf, it is able to resist more shear stress than 

smaller individual arrays, allowing for some leniency in the accuracy of the stress 

application to the sandwich structure.  VACNT arrays are less resistant to shear forces, 

and will tend to collapse or fall over under the application of any shear stresses. 

 Clean mechanical transfer is further hindered by leaning of arrays, especially 

arrays with smaller areas.  4x4 mm2 VACNT turfs do not lean, and the surface of the turf 

is parallel to the growth surface.  This is not the case with arrays of VACNTs, as shown 



 70 

in Figure 4.2, which shows part of an array of 20 µm VACNT turfs.  This leaning makes 

mechanical transfer difficult, even when it is guaranteed that the applied load is perfectly 

normal with no shear loading.   

 

                       

Figure 4.2 - SEM image of an array of uncoated VACNT turfs, demonstrating their 

tendency to lean during growth. 

 

 Another interesting observation of mechanical transfer of VACNT arrays occurs 

when the applied stress during mechanical transfer is beyond the buckling stress of the 

turf.  The sputtering of the gold film on the VACNT turfs, while coating the top of the 

turf, will also coat the side of the VACNT turf.  When the amount of stress applied is 

beyond the buckling stress, the turf collapses under the weight, pressing the gold coated 

sides of the turf against the growth substrate.  These sides of the turf will bond with the 

growth substrate, and upon separation, the exterior of the turf will remain on the 

substrate, while the interior, which doesn't have a side in contact with the growth 
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substrate, will transfer.  Figure 4.3 shows both the growth substrate and the transfer 

substrate, as well as a diagram showing what is taking place. 

(a)                                                                       (b) 

           

                                                                        

 

 

 

 

 

 

 

Figure 4.3 - (a) The remains of VACNT turfs left behind as a result of heavy deformation 

due to excessive buckling (b) The interior of a VACNT array, transferred to the new 

substrate  (c) (d) (e) A diagram modeling deformation 

 

  

 

(c) (d) 

(e) 
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4.3 Patterned mechanical transfer 

 

 Low-temperature mechanical transfer of VACNT turfs at 150 °C has been 

demonstrated and characterized in the previous chapters.  The process pulls entire pre-

patterned VACNT turfs in their entirety to the new substrate.  A logical next step would 

be to attempt to transfer specific areas of one complete turf.  

 A 4x4 mm^2 VACNT turf is coated in 5 nm of TiW, followed by 300 nm of gold.  

The steps for patterning the silicon wafer that the VACNT turf will be patterned to is 

detailed in Figure 4.4.  The silicon contacting surface (a) that the VACNT turf will be 

transferred to first has a 150 nm thermal oxide film grown (b).   A 5 nm adhesion layer 

and a 300 nm gold film are deposited (c).  An HDMS binder layer and a layer of AZ 5214 

photoresist are each spun on the wafer at 3000 rpm for 30 seconds (d).  The 

photolithography mask is placed over the top of the silicon wafer, and then the 

photoresist not concealed by the mask is exposed to UV light for 12 seconds (e).  The 

wafer is placed in a 4:1 ratio AZ 400K developer:DI water solution to wash away 

exposed photoresist, leaving photoresist on areas where gold is to remain (f).  The wafer 

is then placed in a gold etch solution, which etches away any part of the gold film that is 

not covered by the photoresist (g).  Upon removal of remaining photoresist using acetone, 

patterned gold features remain on the silicon wafer (h).   
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Figure 4.4 - Process of patterning gold for patterned mechanical transfer of VACNT 

turfs. 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

Silicon wafer 

Thermal oxide 

Gold film 

Photoresist 

Mask and 
UV light 



 74 

 The mechanical transfer occurs as before, with the patterned gold wafer being 

brought into contact with a VACNT turf, coated with a 5 nm TiW adhesion layer and 300 

nm of gold.  The structure is compressed according to the buckling stress of the turf, and 

heated to 150 °C for a minimum of two hours.  As shown previously, gold coated 

VACNT turfs will not bond to an uncoated silicon wafer, and due to the inertness of the 

silicon oxide film, will not bond to the silicon oxide film either.  Upon separation of the 

structure, any part of the VACNT turf in contact with the patterned gold on the silicon 

wafer will transfer, leaving any part of the VACNT turf not in contact with the patterned 

gold on its original substrate.  This method provides an alternative method of mechanical 

transfer of patterned VACNT arrays by allowing the arrays to be patterned out of one 

large VACNT turf, rather than growing the patterned arrays during CVD and 

mechanically transferring all of the turfs in their entirety.  This process is detailed in 

Figure 4.5, with an SEM image of a part of the resulting transfer shown in Figure 4.6.  

Figure 4.7 shows the original VACNT substrate where the patterned transfer occurred, 

showing a hole in the VACNT substrate that VACNTs were pulled from. 
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Figure 4.5 - A diagram showing patterned mechanical transfer of a VACNT turf. 

 

                       

Figure 4.6 - An SEM image of a patterned, mechanically transferred VACNT turf.  (a)  

silicon oxide  (b)  Start of patterned gold area  (c)  transferred VACNT turf, pulled off of 

larger VACNT turf. 

(a) 
(b) 

(c) (d) 

(a) (b) 

(c)  
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Figure 4.7 - Hole in original VACNT turf as a result of patterned transfer. 

 

4.4 Thermal Annealing of VACNT turfs 

 The mechanical transfer process has the important effect of removing the VACNT 

turf from its sol-gel substrate, thus removing an insulating layer and improving electrical 

and thermal conductivity.  It is desirable to understand the effects of thermal annealing of 

the gold film after mechanical transfer on the electrical conductivity of the VACNT turf 

with the goal of seeing further improvement in electrical conductivity. 

 Transferred VACNT turfs with 5 nm TiW and 300 nm of gold sputtered on the 

top of the transferred VACNT turf first had electrical leads bonded to them using 

conductive epoxy, in order to provide an electrical bypass from the silicon wafer.  A 

tungsten-carbide probe tip was brought into contact with the top of the gold coated 

VACNT turf, with care being taken to avoid deformation of the turf.  The gold coating 

prevents adhesion between the VACNT turf and the tungsten-carbide probe, allowing 
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repeated contacts to be made without damaging the turf or having bonded CNTs cause 

issues with subsequent resistance measurements.   

 Initial measurements across nine VACNT turfs showed an electrical resistance of 

approximately 20 Ω.  The samples were then annealed at 250 °C for two hours.  

Electrical resistance measurements were taken again, showing an average of 

approximately 10 Ω, showing an improvement of ~10 Ω.  It is necessary to back out 

where this improvement is occurring.  Three areas of potential improvement are assumed, 

with a further assumption that the low temperatures have no effect on the conductivity of 

the CNTs with the turf.  Areas of improvement are the Au/Au interface, the gold film in 

the path to the conductive epoxy, and the conductive epoxy itself. 

One more sample with transferred, gold coated VACNT arrays had electrical 

leads attached.  Two blank gold coated silicon wafers had electrical leads attached to 

them, with the intention of analyzing the change in electrical resistance in the conductive 

epoxy due to the annealing.  The electrical resistance of the samples with just the epoxy 

were measured to be 7.2 Ω and 3.4 Ω respectively.  After two hours of annealing at 250 

°C, the resistance dropped to 1.5 Ω in both samples.  This demonstrates a change in 

electrical resistance in the epoxy due to annealing. 

 The sample with arrays had the tungsten-carbide probe carefully dropped on the 

VACNT turfs, and produced electrical resistance measurements ranging from 5.2 Ω to 

5.9 Ω.  The probe was also directly dropped on the gold film, and measured a resistance 

of 6.4 Ω.  Upon annealing, turf measurement ranged from 3.1 Ω to 3.8 Ω, with a film 

resistance of 2.2 Ω. 
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 The results make it difficult to conclude an effect of annealing at 250 °C on the 

Au/Au interface.  Further data will have to be collected to make a reasonable conclusion. 

 

4.5 Electrical resistance measurements vs temperature  

 Experiments were conducted to measure electrical resistance vs temperature of a 

gold coated transferred VACNT turf, with the purpose of seeing how much the resistance 

of the structure changes within a potential operating temperature range for a device.  

With the previous tests, each individual electrical resistance measurement was taken by 

bring the tungsten-carbide probe up and then back down onto a turf.  Although there is no 

issue with CNTs attaching themselves to the probe, due to the gold coating on the 

VACNT turf, there is still an issue due to the morphology of the turf.  The top of VACNT 

turfs have a random structure, meaning that each contact on a different part of a turf will 

contact in a different way with a different contact area.  This produces noise in electrical 

resistance measurements.  To eliminate uncontrollable differences between repeated 

contacts, a single contact was made, and the temperature was changed with contact 

maintained.  Electrical resistance effects due to both heating and cooling were measured. 

 A transferred, gold coated VACNT turf was placed on a hotplate, and a probe was 

brought into contact.  Temperature was swept from 0 °C to 250 °C.  Resistance 

measurements are shown in Figure 4.8.  The structures displayed an increase on the order 

of 1 Ω as the temperature increased. 
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Figure 4.8 - Change in resistance vs temperature for a gold coated VACNT turf with 

room temperature as a reference temperature 

 

4.6  Mechanical Transfer onto Kapton 

 Flexible electronics have been a subject of intense research, producing 

applications as varied as organic transistors1, or flexible electrodes for analyzing brain 

signals in rats.2  It is desirable to apply the mechanical transfer method to determine if 

VACNTs can be transferred to flexible substrates. 

 A 25 µm flexible Kapton film, coating with 5 nm TiW layer and 300 nm of gold, 

is brought into contact with a similarly coated VACNT turf.  The same mechanical 

transfer process is used, with pressure applied according to the buckling model, for a 

minimum of two hours at 150 °C.  Upon separation, the VACNT turf transferred to the 

flexible Kapton substrate, as shown in Figure 4.9  This process can be applied towards 

new applications for CNTs in flexible electronics. 
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Figure 4.9 - VACNT turf transferred onto a flexible Kapton substrate. 

 

4.7 Mechanical and Thermal Properties Compared with Literature 

 A comparison of separation stress and thermal resistance values for VACNT turfs 

is provided in Table 4.1.  Bonding strength through the strength of the Au/Au interface is 

compared to the separation strength of CNTs bonded to glass as shown by Fisher.  

Thermal resistance measurements of the VACNT turfs are provided by Cho, and are 

compared to measurements of VACNT thermal interfaces constructed by Fisher under ~1 

N loading.  Fisher's values are stated in mm2 * K / W, while Cho's are stated in °C / K.  

By multiplying Cho's value by the lateral area of the VACNT turfs measured, which in 

this case was 16 mm2, the areas are normalized. 
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Thermal resistance 

(mm2 * K / W) 
Cho - non-transffered 

VACNT turf 160 

Cho - Au coated non-
transffered VACNT turf 560 

Cho - Au coated transferred 
VACNT turf 320 

Cho - transferred bonded 
VACNT thermal interface 100 
Fisher - VACNT thermal 

interface 19.8 
  

 
Interface Strength 

(Mpa) 
Au/Au Interface 0.553 

Fisher - VACNTs on glass 0.044 
 

Table 4.1 - Comparisons of thermal and mechanical properties of VACNT turfs with 

published literature.3,4,5 

 

 The Au/Au interface demonstrates a strength a factor of 10 greater than the 

strength of the VACNTs on glass, which was bonded using anodic bonding.  Fisher's 

measurement of the thermal interface was not conducted using the VACNTs on glass, so 

it is difficult to correlate differences in bonding strength with differences in thermal 

resistance.  In Fisher's thermal measurements, the thermal resistance of only the 

VACNTs was calculated, whereas in Cho's measurements, the entire devices thermal 

resistance was measured.  Cho's device is larger overall, which leads to part of the 
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increase in thermal resistance.  Overall, the Au/Au bonded structure has a higher thermal 

resistance than what is measured by Fisher.  However, with the transferred VACNTs 

being on a conductive substrate, they are still applicable as a thermal switch or a thermal 

interface material.   

 

4.8 Conclusion 

 This chapter demonstrated the application of the new mechanical transfer process 

in a couple of different configurations, including transferring arrays of VACNTs rather 

than a single large VACNT, and pulling patterned areas off of a large VACNT.  Although 

there are issues to overcome before clean mechanical transfer can be accomplished using 

this process, some flexibility in the process is demonstrated.   

Initial experiments in thermal annealing and electrical resistance measurements 

during heating and cooling were discussed.  Thermal annealing has been shown to have 

little overall effect on improving electrical resistance.  Electrical measurements during 

heating demonstrate that gold coated VACNT turfs demonstrate an increase of 

approximately 1 Ω when temperature is swept up to 250 °C.  Finally, mechanical and 

thermal properties of the VACNT turfs were compared with literature. 
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CHAPTER FIVE 
 

5. CONCLUSION AND RECOMMENDATION FOR FUTURE WORK 
 

 A new procedure for the integration of VACNT turfs into MEMS devices has 

been developed, which allows for the direct transfer of VACNT turfs through low-

temperature thermocompression bonding.  This method shows promise as a technique to 

allow for the integration of VACNTs in MEMS and microelectronics applications.  

Application of the same technique has been successful for similar VACNT 

configurations, including transferring arrays of VACNT turfs, or pulling patterned areas 

off of a large VACNT turf. 

 The average separation stress off of the sol-gel substrate is 0.42 MPa, while the 

average separation stress of the Au/Au interface is 0.553 MPa.  Electrical measurements 

during mechanical transfer of a VACNT turf with Au films on either side demonstrates 

little change in electrical resistance, even with a considerable amount of deformation in 

excess of 200%.  This is believed to be a result of the gold film on either side of the turf 

providing an electrical link between the individual CNTs, placing less dependence on the 

linking of CNTs within the VACNT turf structure.  When the VACNT turf is 

compressed, its nominal density increases, and the amount of entanglement logically 

increases.  Conversely, as a turf is extended, the nominal density decreases, and the 

amount of entanglement decreases.  In both cases, the electrical resistance of a gold 

coated VACNT turf changes very little, suggesting that linking between the CNTs within 

the turf has little effect on the overall electrical conductivity. 
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 This research shows a lot of promise for future projects.  Further analysis of the 

effects of CNT entanglement needs to be done.  By measuring the lateral resistance 

across the VACNT turf during sandwich structure separation, analysis of electrical 

resistance due to entanglement can be analyzed.  An understanding of the CNT 

entanglement's effect on electrical and thermal conductivity is important to fully 

understand how conductivity is affected by entanglement of CNTs. 

 An important experiment in the attempts to apply VACNTs to MEMS and 

microelectronics is an understanding of the elastic properties of the VACNT turf.  This 

can be done by stepping up and holding the load as the VACNT turf is being separated 

and measuring the electrical resistance.   

 Although contact area is increased as a result of the gold film, the packing 

fraction of VACNT turfs is low, and can still be increased.  Processing methods can be 

explored to grow denser turfs.  The strength of the Au/Au bond needs to be explored in 

greater depth, including finding methods to increase the strength of the bond. 

 Mechanical transfer in this thesis was accomplished using thermal heating in a 

furnace.  A potential alternative to thermal heating that can be explored is joule heating 

through the application of current as the gold film on top of the VACNT turf and the gold 

film on the silicon wafer are compressed together.  To reduce the 2 hour bonding time, 

which is still very high, supersonic bonding can be explored, which is a common process 

in wire bonding in semiconductor processing.  It is unknown what effect supersonic 

bonding will have on the structure of the VACNT turf. 

 Long-term effects of the usage of transferred VACNTs in MEMS and 

microelectronics applications needs to be explored.  The long-term effects of mechanical 
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and thermal cycling, thermal expansion effects within the VACNT turf, and potential 

oxidation are all effects that need to be explored further. 

  

 


