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Abstract 

Spin-dependent heat transport is a new research area and can create many 

future applications. The Giant Magnetoresistance (GMR) effect, which was 

discovered in 1988, is significant change in electric resistance due to spin-dependent 

electron scattering. The GMR effect has greatly impacted on techniques of data 

storage and magnetic sensors. For example, the areal density of hard disk drive was 

increased 100 times using the GMR effect. Likewise, spin-dependent heat transport, 

which is also called the Giant Magnetothermal Resistance (GMTR) effect, is expected 

to create a wealth of new applications, for example nanoscale heat or temperature 

detectors and spin thermoelectrics. In addition, the technique developed for this study 

will help with heat management in micro/nano electronics including data storage 

devices and heat/energy assisted magnetic recording.  

In this thesis, thermal conductivity change depending on the magnetic 

configurations has been studied. In order to make different magnetic configurations, 

we developed a spin valve structure, which has high MR ratio and low saturation field. 

The high MR ratio was achieved using Co/Cu multilayer and 21Å or 34Å thick Cu 

layer. The low saturation field was obtained by implementing different coercivities of 

the successive ferromagnetic layers. For this purpose, Co/Cu/Cu  tri-layered 

structure was used with the thicknesses of the Co layers; 15 Å and 30 Å.  For the 

thermal conductivity measurement, a three-omega method was employed with a 

thermally isolated microscale rod. We fabricated the microscale rod using optical 
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lithography and MEMS process. Then the rod was wire-bonded to a chip-carrier for 

further electrical measurement.  For the thermal conductivity measurement, we built 

the three-omega measurement system using two lock-in amplifiers and two 

differential amplifiers. A custom-made electromagnet was added to the system to 

investigate the impact of magnetic field.   

We observed titanic thermal conductivity change depending on the magnetic 

configurations of the Co/Cu/Co multilayer. The thermal conductivity change was 

closely correlated with that of the electric conductivity in terms of the spin orientation, 

but the thermal conductivity was much more sensitive than that of the electric 

conductivity. The relative thermal conductivity change was 50% meanwhile that of 

electric resistivity change was 8.0%.  The difference between the two ratios suggests 

that the scattering mechanism for charge and heat transport in the Co/Cu/Co 

multilayer is different. The Lorentz number in Weidemann-Franz law is also 

spin-dependent. The application of this significant thermal conductivity change is 

remained for future work.  

Thermal boundary resistance between metal and dielectrics was also studied in 

this thesis. The thermal boundary resistance becomes critical for heat transport in a 

nanoscale because the thermal boundary resistance can potentially determine overall 

heat transport in thin film structures. A transient thermoreflectance (TTR) technique 

can be used for measuring the thermal conductivity of thin films in cross-sectional 

direction. In this study, a pump-probe scheme was employed for the TTR technique. 

We built an optical pump-probe system by using a nanosecond pulse laser for 
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pumping and a continuous-wave laser for probing. A short-time heating event occured 

at the surface of a sample by shining a laser pulse on the surface. Then the 

time-resolved thermoreflectance signals were detected using a photodetector and an 

oscilloscope. The increased temperature decreases slowly and its thermal decay 

depends on the thermal properties of a sample. Since the reflectivity is linearly 

proportional to the temperature, the time-resolved thermoreflectance signals have the 

information of the thermal properties of a sample. In order to extract the thermal 

properties of a sample, a thermal analysis was performed by fitting the experimental 

data with thermal models. We developed 2-layered and 3-layered thermal models 

using the analogies between thermal conduction and electric conduction and a 

transmission-line concept.  

We used two sets of sample structures: Au/SiNx/Si substrate and 

Au/CoFe/SiNx/Si substrate with various thickness of SiNx layer. Using the 

pump-probe system, we measured the time-resolved thermoreflectance signals for 

each sample. Then, the thermal conductivity and thermal boundary resistance were 

obtained by fitting the experimental data with the thermal models. The thermal 

conductivity of SiNx films was measured to be 2.0 W/mK for both structures. In the 

case of the thermal boundary resistance, it was 0.8110
-8

 m
2
K/W at the Au/SiNx 

interface and 0.5410
-8

 m
2
K/W at the CoFe/SiNx interface, respectively. The 

difference of the thermal boundary resistance between Au/SiNx and CoFe/SiNx might 

be came from the different phonon dispersion of Au and CoFe. The thermal 

conductivity did not depend on the thickness of SiNx films in the thickness range of 
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50-200nm. However, the thermal boundary resistance at metal/SiNx interfaces will 

impact overall thermal conduction when the thickness of SiNx thin films is in a 

nanometer order. For example, apparent thermal conductivity of SiNx film becomes 

half of the intrinsic thermal conductivity when the thickness decreases to 16nm. 

Therefore, it is advised that the thermal boundary resistance between metal and 

dielectrics should be counted in nano-scale electronic devices. 
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1 Introduction 

This thesis consists of two parts. One part is spin-dependent heat transport, 

and the other part is thermal boundary resistance. For the study of the spin-dependent 

heat transport, a three-omega method was employed. For the thermal boundary 

resistance, a transient thermoreflectance technique was used. In this thesis, not only 

sample preparation and measuring physical phenomena, but also designing and 

building of the two measurement system were emphasized. In addition, the size effect 

of copper films was investigated since the thickness of each layer for current 

multilayered samples is in the range of under strong size effect.  

 

1.1 Motivation 

It is well established that the thermal conductivity in metals is proportional to 

the electrical conductivity [1] due to the electronic contribution to the thermal 

conductivity.  Even though the observed thermal conductivity is the sum of the 

electronic and phonon conductivity, the contribution of phonons to the heat transport 

is negligible in metals [2, 3]. Therefore, the thermal conductivity in metals can be 

predicted from the electric conductivity using a linear relationship based on 

Weidemann-Franz law [1, 2, 4].  

When electric currents pass through a spin-valve structure such as a 

ferromagnetic/non-magnetic/ferromagnetic sandwich structure, the up and down spin 

in the currents will experience different electric resistance depending on the magnetic 
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directions of the two ferromagnetic layers.  When the two magnetic layers have 

opposite magnetic directions, the structure has a high electric resistance. When the 

two layers have the same magnetic direction, the resistance becomes low. This 

phenomenon is called Giant Magnetoresistance (GMR) effect [5, 6]. The GMR effect 

is due to the spin dependence of electron scattering from ferromagnetic thin films and 

their interfaces [5, 7]. Since electrons are the main carriers for thermal conduction in 

metals, it is generally expected that the behavior of the thermal conductivity would be 

similar to the behavior of the electrical conductivity in a spin-valve structure. 

However, this hypothesis has not been verified experimentally.  

Electrons carry charge and heat in metals. The electric conduction is due to 

charge transport. In the case of a spin-valve structure, the electric transport depends 

on the spin-dependent scattering at ferromagnetic layers and their interface [5, 7]. 

However, there is no supporting literature that the spin-dependent scattering rate for 

heat and charge would be the same. If the scattering rate for both is different, the ratio 

of the thermal conductivity change in a spin-valve structure would be different from 

that of the electrical conductivity. One of the easiest ways to examine the hypothesis 

is to measure the thermal conductivity change of a spin-valve structured film while 

sweeping a magnetic field. However, measuring the heat transport of very thin films 

and their multilayer structures is often significantly more difficult than measuring the 

electric transport. One of the difficulties in measuring the heat transport of thin films 

is that the thermal conduction through substrates is significantly larger compared to 

that of the films, which often makes the desired thermal measurements inaccurate. 
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This would be one of the reasons why only a few literatures [8-10] are reported for 

Giant Magnetothermal Resistance (GMTR) effect.  

The GMR effect opened the door to new scientific and technological 

possibilities, including a great influence on techniques of data storage and magnetic 

sensors. Likewise, spin-dependent heat transfer, which is also called the GMTR effect, 

is expected to create a wealth of new applications, for example nanoscale heat or 

temperature detection. In addition, it will help with heat management in data storage 

devices and heat/energy assisted magnetic recording [11, 12].  

One of the objectives of this thesis is to investigate the spin-dependent heat 

transport phenomenon. To achieve this goal, we developed a spin-valve structure with 

10% MR ratio. Using the spin-valve structure, we fabricated a microscale thermally 

isolated bridge structure for thermal measurement. For the thermal conductivity 

measurement of thin films, a three-omega (3) method is employed. Eventually, we 

observed thermal transport in a magnetic multilayer depending on the magnetic 

directions of the two ferromagnetic layers, i.e. spin-dependent heat transport with a 

thermally isolated bridge structure.  

Another objective of this thesis is to investigate thermal boundary resistance 

between metal and dielectrics. Thermal boundary resistance is the thermal resistance 

between dissimilar materials. When heat flux passes through two different materials, 

the temperature of the two materials can be different due to the thermal boundary 

resistance. In nanoscale electronic devices, the thermal boundary resistance can 

impact overall heat transport instead of thermal properties of individual layers, in 
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particular between metals and dielectrics. This study describes the thermal boundary 

resistance between Au/SiNx and CoFe/SiNx. For this study, we built an optical 

pump-probe measurement system based on the transient thermoreflectance technique 

for measurement of cross-sectional heat transport of thin films. In this study, we 

fabricated the two sample structures: Au/SiNx/Si substrate and Au/CoFe/SiNx/Si 

substrate with a wide range of thickness of SiNx layer. After analyzing the 

time-resolved thermoreflectance signals, we got the thermal conductivity of SiNx with 

and the thermal boundary resistance at the interface of Au/SiNx and CoFe/SiNx.     

  

1.2 Thesis Outline 

In Chapter 1, the motivation and objective of this study are introduced.  

In Chapter 2, the physics of GMR effect and a spin-valve structure for high MR 

ratio and low saturation field are addressed.  

In Chapter 3, experimental procedures for spin-dependent heat transport are 

described in detail. Thin film deposition of a spin-valve structure, optical lithography 

procedure for four-point probe structure, MEMS processes for a thermally isolated 

bridge structure, steady-state joule heating setup, three-omega setup are addressed in 

this chapter.  

In Chapter 4, Development of a spin-valve structure and its MR results are first 

described. Then, the experimental results of a spin-valve structure by using steady 

state joule heating measurement and its practical and fundamental problems are 

addressed. Finally, the experimental results of the thermal conductivity and its 
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spin-dependency by using the three-omega method are addressed.  

In Chapter 5, experimental procedures for the pump-probe method are described 

in detail. The pump-probe method is based on the transient thermoreflectance (TTR) 

technique. The principle and experimental detail for the setup are addressed.  

In order to extract thermal properties from the TTR measurement, analytical 

solutions are required. In Chapter 6, we addressed in-detail mathematical steps based 

on the transmission-line technique to get the analytical solutions.  

In Chapter 7, we describe the results for the thermal conductivity of SiNx films 

with different thickness using the TTR technique. In addition, we describe the 

experimental data of thermal boundary resistance at Au/SiNx and CoFe/SiNx interface 

using the TTR method. We discussed the origin of the difference of the thermal 

boundary resistance and the impact for heat transport when the thickness of SiNx 

films in a nanoscale. 

In Chapter 8, Size effect of Cu films are presented. Since the thickness of each 

layer in the spin-valve structure is a few nanometers, the electric conductivity is under 

the size effect. Some preliminary analysis is addressed.   

Chapter 9 summarized the entire dissertation and recommended the future works.  
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2 Background  

2.1 Physics of GMR effect 

In magnetic recording, information is stored as the local orientation of 

magnetization in ferromagnets. In order to read the stored information, we need to 

measure the orientation. One of the ways to read the information is to use the GMR 

effect. In fact, the GMR effect and a read head using the effect contributed to the 

increase in Hard Disk Drive (HDD) areal recording density from 0.1 to 100 Gbit /in
2
 

between 1991 and 2003 [13].  

The GMR effect is a significant change in the electrical resistance of the 

ferromagnetic multilayers depending on magnetic configuration of the ferromagnetic 

multilayers. The GMR effect stems from the spin-dependent scattering of conduction 

electrons in the ferromagnetic layers and their interface [5]. For the ferromagnetic 

metals Fe, Ni, Co and their alloys, both the 4s and 3d electron bands contribute to the 

density of states at the Fermi level EF. Due to exchange coupling between the two 

bands, the energy of spin-up and spin-down 3d bands is separated [13, 14]. Hence, the 

density of state of the two bands at EF becomes different [7]. This spin-dependent 

density of state at EF causes spin-dependent scattering for conduction electrons.   

4s electrons dominates electric conduction in a ferromagnetic multilayered 

structure since 4s electrons have a much higher mobility. Since the electrons try to 

keep the same spin-direction within spin-flipping length [14], the conduction 

electrons will experience different scattering from the ferromagnetic layer depending 
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on the spin direction. For example, if the spin direction of the conduction electrons is 

the opposite with the magnetic direction of the ferromagnetic layer, the electrons will 

experience scattering when they pass through the ferromagnetic layers. If the spin 

direction is the same with the magnetic direction, the electrons do not experience any 

scattering.  

In order to understand the spin-dependent scattering, the electron band 

structure and its density of state for Co and Cu are addressed [7] since a Co/Cu/Co 

multilayered structure is used for the current study. In the case of Cu, the band 

structure is the same for the up-spin and down-spin electrons. The d bands are fully 

occupied and density of state at the Fermi energy is almost empty [7], which results in 

high electric conductivity of Cu. Meanwhile, in the case of Co, the d band is split and 

the electronic band structure is different depending on the two spin orientations [7]. 

For majority-spin electrons, the density of state at the Fermi level is almost empty, 

while for minority-spin electrons, the density of state at the Fermi level is fully 

occupied. This different density of state results in spin-dependent scattering. 

 Figure 2-1 illustrates what happens as the up-spin and down-spin electrons 

pass through a multilayer stack composed of alternating ferromagnetic layers and 

non-ferromagnetic layers. Figure 2-1(a) shows that the ferromagnetic layers are 

magnetized at one direction, which is called parallel state. When the spin direction of 

electrons is the same with the magnetization of the ferromagnetic layers, electrons 

experience almost no scattering. But when the spin direction is the opposite with the 

magnetic direction, the electrons experience scattering when they pass through the 



 8 

ferromagnetic layers. Since the spin conduction can be treated as a two-channel, 

overall resistance will be low. Meanwhile Figure 2-1(b) shows the magnetic directions 

of the ferromagnetic layers are aligned opposite direction. When the ferromagnetic 

layers are anti-parallel, both spin-up and spin-down electrons undergo collisions, 

giving rise to a high overall resistance.  

 

(a) (b)  

Figure 2-1 Schematics of the spin-dependent electrons scattering in a 

ferromagnetic/non-magnetic/ferromagnetic multilayer stack; (a) when the magnetic 

orientation of the ferromagnetic layers are parallel, (b) when the magnetic orientation 

of the ferromagnetic layers are antiparallel. 

 

This spin-dependent scattering process can be represented by a two current 

channel model [15] illustrated in Figure 2-2. In this model, the up-spin and down-spin 

conduction channels are connected in parallel. The resulting resistances of the 

non-scattering and scattering events are represented as r and R, respectively. For the 

parallel configuration, the total resistance can be derived as follows. 

RrRtotal 2
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1 
             2-2 
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Also the total resistance in the case of anti-parallel configuration can be 

derived as follows. 
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(a) (b)  

Figure 2-2 Two-channel model to describe the GMR effect; (a) parallel and (b) 

anti-parallel configuration 

 

It is clear that total resistance of anti-parallel configuration will be much 

higher than that of parallel configuration by assuming that the resistance of scattering 

is much higher than that of non-scattering.   
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2.2 Spin value structure for high MR and low 

saturation field 

Our sub-goal is to develop a spin-valve sample with a high MR ratio and low 

saturation field. Since the MR ratio is expected to be relevant to the thermal 

conductivity change, it will be easy to detect spin-dependent heat transport using the 

high MR ratio sample. After the GMR effect was discovered at 1988 [5, 6] and a lot 

of research has been performed to increase the MR ratio. However, it is not 

straightforward to get the high MR ratio with low saturation field at room 

temperature.  

The general MR ratio to achieve is 5-6% by using typical sputtering [14]. In 

literature a 20% MR ratio are reported at room temperature [13, 14]. However, it was 

achieved using a complicated layered structure and specular reflection with atomic 

scale controlled layer thickness and surface roughness [16]. In addition, a high MR 

ratio sample usually has high saturating magnetic field [6]. But the high saturating 

field is not appropriate for the current study. For the current study, the maximum field 

to apply is limited to less than 700 Oe. We use a custom-made electromagnet, which 

does not include a cooling water system. The cooling system is essential for 

generating high magnetic field. After all, our sub-goal is set to develop a spin-valve 

structure with 10% MR ratio with less than 500 Oe saturating field. 

A ferromagnetic layer/non-magnetic layer/ferromagnetic layer sandwich 

structure is used to control spin configuration. For the non-magnetic spacer materials, 

Cu, Ru, Au, Ag, Cr, and Ta have been studied [14, 17]. For ferromagnetic materials, 
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Co, Fe, Ni and its alloy are available. Among them, Co/Cu multilayer is selected for 

this study since Co/Cu is reported for the highest MR ratio [18]. 

There are several other factors which impact the MR ratio. Among them, the 

thickness of the spacer layer, the interface roughness, the number of the repetitions of 

layers, and current leakage through substrate are considered for the current study.  

It is well known that there is exchange coupling between the two 

ferromagnetic layers through a non-magnetic layer. Its exchange coupling oscillates 

from antiferromagnetic coupling to ferromagnetic coupling depending on the 

thickness of the non-magnetic layer [17, 19]. In the case of the Co/Cu/Co structure, 

there are three peaks for antiferromagnetic coupling: 8Å, 21Å, 34Å [20, 21]. At these 

three thicknesses, the antiferromagnetic coupling strength has a peak value even 

though the overall strength decreases as the thickness increases [14]. This 

anti-ferromagnetic strength is very important because this strength is closely 

correlated with saturation field and MR ratio.  Typically, the MR ratio follows the 

saturation field trend [22]. For example, at the 1
st
 peak (8 Å) we can get a very strong 

saturation field and a high MR ratio. However, strong saturation field is not 

appropriate for application of a GMR sensor or the current study. The saturation field 

decreases in the 2
nd

 peak (21 Å) and 3
rd

 peak (34Å).  

Another factor which impacts GMR ratio is interface roughness. Rough 

interface becomes a source for inelastic electron scattering [7]. This inelastic 

scattering reduces the MR ratio because it is not spin-dependent. The interface 

roughness is primarily dependent on the film thickness and sputtering conditions, i.e. 



 12 

sputtering power and pressure. It is well known that high sputtering power and low 

sputtering pressure increase the mobility of sputtering elements and reduce the surface 

roughness of the film. 

  The 3
rd

 factor is the number of the repetitions of layers. As the repeated 

number increase, the MR ratio generally increases because the probability of 

spin-dependent scattering increases [7]. However, the increasing repetitions of layers 

increase the roughness of the films too. Therefore, there is an optimum number to 

compensate the two effects.   

The last factor is the leakage through Si substrate. The current leakage through 

the substrate will reduce the MR ratio. Intrinsic Si wafer has relatively high electric 

resistivity compared to metals. Typical electrical resistivity of intrinsic Si wafer is 

about 640 Ωm. Commercial Si wafer is usually doped with B or P to make a 

semiconductor. Since the electric resistivity of doped Si wafer is highly dependent on 

the doping concentration, its range is very wide as 1×10
-5

 ~ 0.6 Ωm [23].  

In order to study the feasibility of leakage through the Si substrate, electrical 

measurement procedure is investigated. For electrical resistivity measurement, the 

spin-valve sample is patterned as a shape of four-point of probe using a photomask as 

shown in Figure 2-3. To measure electric resistance, electric current is applied through 

the two pads located at the end and the voltage across the two inside pads is measured. 

Since the pad area is much larger than the cross-sectional area of the bridge, the 

resistances of the pad area and the bridge are comparable.  
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(a)  

(b)  

Figure 2-3 Four-point probe pattern for electrical resistance measurement (a) 

1
st
 mask, Pad: 400×400µm, length: 400, 600, 800, 1000 µm, width: 2, 3, 4, 8 µm, (b) 

2
nd

 mask, Pad: 200×200µm, length: 100, 200 µm, width: 5, 10, 15 µm  

 

The ratio of the resistance of the bridge and the pad can be roughly calculated 

in the following equation.  
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The roughly calculated resistance of the bridge is in the same order of the pad. 

Therefore, it is possible for some portion of applied current pass through the Si 

substrate and reduces the MR ratio. This current leakage can be typically prevented by 

using an oxide coated Si wafer.  

Impurity located at the interface also can impact significantly the MR ratio. 

For example, unexpected impurity can be introduced between layers in a vacuum 

chamber during break between two different sputtering processes, which occurs in the 

CVC sputtering system at the cleanroom at Carnegie Mellon University. 

In order to obtain low saturation field for the spin-valve structure, we used 

different coercivities of the ferromagnetic layers instead of antiferromagnetic coupling 

between the ferromagnetic layers. The antiferromagnetic coupling usually results in 

high saturation field. Different coercivities of the ferromagnetic layers can make the 

relative orientation change of the magnetization in the ferromagnetic multilayers [7, 

14]. If two ferromagnetic layers have different coercivities, the magnetic 
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configuration will be in the field range of the two coercivities. Therefore, the 

saturation field will be much lower than that in antiferromagnetic coupled structure.   
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3 Experimental details for spin-dependent 

heat transport measurement 

In order to use a three-omega (3) or steady-state joule heating method for 

thermal measurement, a thermally isolated bridge structure is required. We developed 

a MEMS process for the suspended bridge structure. In addition, we set up a 

three-omega and steady-state joule heating measurement system. The detail 

experimental procedures are addressed in following sub-sections.  

 

3.1 Thin film deposition 

All the film layers constituting a spin-valve structure were deposited on 3" Si 

wafer or 1µm thick oxidized Si wafer or 27nm thick oxidized Si wafer using a CVC 

Connexion 6-Target Sputtering System installed at the cleanroom in Carnegie Mellon 

University [24]. The system has 6 sputtering targets, 12" or 5" diameter, and is 

equipped with a loadlock. Also this system is available to apply perpendicular or 

parallel magnetic field on substrate. The deposition process is computer-controlled 

using programed recipes. The base pressure in the main chamber is maintained below 

1.0×10
-8

 Torr.  

For the spin-valve structure, we used Ta/[Co/Cu/Co]N/Ta/oxide/Si substrate 

structure.  The detail deposition procedure is addressed as follows. 2 ~ 5nm thick Ta 

layer was deposited as a wetting layer on a Si or oxide substrate. It is well known that 

a few nanometer thick sputtered Ta forms an amorphous film. Thus this layer prevents 
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the formation of texture from a Si (100) substrate. Figure 3-1 shows the Transmission 

Electron Microscope (TEM) image of Ta film. The TEM image was taken using the 

FEI Tecnai F20 Field Emission TEM at the J. Earl and Mary Roberts (JEMR) 

Microstructural Characterization Facility [25]. The 2nm thick Ta layer shows an 

amorphous form as expected. Another role of Ta layer is a barrier against Cu diffusion 

into Si substrate [26].  

 

 

Figure 3-1 TEM bright field image of cross-section of [Co/Ru]20/Ta/Au; Ta 

layer does not have a lattice image, which indicates an amorphous form. 

 

After the Ta layer deposition, Co/Cu/Co multilayers were deposited by 

sputtering Co and Cu films. The thickness and number of Co/Cu/Co tri-layers was 

optimized to achieve a high MR ratio. The thickness varied from 10 Å to 40 Å for Co 
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and 8 Å to 60 Å for Cu. The number of tri-layers, N, was altered from N = 3 to N = 

15.  

It is well known that the interface roughness of a ferromagnetic multilayer is 

closely relevant to a MR ratio [7, 14] as described in Chapter 2.2. However, it is not 

easy to quantitatively measure the interface roughness. One of the typical methods is 

to see the cross-sectional TEM image of the interface. However, from the TEM image 

we can get only qualitative and local area information of the interface roughness even 

though a lot of effort is required for preparing samples and operating a TEM. Instead, 

we measured the surface roughness of each single film depending on sputtering 

conditions using Atomic force microscope (AFM).  

The AFM measurement was conducted using a Veeco Scanning Probe 

Microscope System, which consists of a Dimension 3100 SPM with a Dimension 

hybrid closed loop scan head and a Nanoscope IVa SPM control station in the JEMR 

Microstructural Characterization Facility [25] . The system is mounted on an air table 

for vibration isolation and features an enclosure for isolation from ambient noise and 

temperature variations. Table 3-1 shows the surface roughness depending on the 

sputtering conditions, which were measured by the AFM. 
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Table 3-1 RMS roughness for Cu, Co, NiFe depending in sputtering conditions, 

measured by AFM  

Materials Sputtering 

power 

(Watt) 

Sputtering 

pressure 

(mTorr) 

Rms 

roughness 

(Å) 

Sputtering 

rate (Å/sec) 

Cu 40 2 11.5 1 

Cu 40 3 11.0 1 

Cu 40 5 12.5 1 

Cu 60 3 10.7 1.5 

Cu 80 3 12.6 2 

Co 40 3 7.4 1 

Co 40 5 12.4 1 

NiFe 80 3 15.5 1 

 

Figure 3-2 shows AFM images of Cu and Co films for some sputtering 

conditions. The surface roughness of a thin film is relevant to the grain size of the 

film [27]. Grain boundary would be a main cause of the surface roughness. In order to 

make small grains, high sputtering power and low sputtering pressure are desirable. 

However, there is a limitation for this sputtering condition. Increasing sputtering 

power and decreasing sputtering pressure usually result in increasing sputtering rate. 

If the sputtering rate is more than 2 Å/sec, the exposure time for plasma will be less 

than 5 seconds for some layer since the thickness of each layer is only 8-30Å. This 

short exposure time might result in discontinuous film structure. Therefore, the 

margin for optimizing sputtering condition is very limited.  
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(a)  (b)  

(c)  (d)  

Figure 3-2 AFM images of surface roughness of Cu and Co films with 

different sputtering power and pressure: (a) Cu: 80W, 3mT (b) Cu: 60W, 3mT (c) Co: 

40W, 5mT (d) Co: 40W, 3mT. Each image was scanned over a 2µm×2µm area. 

 

After the Co/Cu/Co multilayer deposition, a 3-5nm thick Ta layer was 

deposited as a cap layer to protect the multilayer from oxidation. 

In addition, in the case of fabricating a bridge structure, deposition of Au film 

on pad areas is required for wire-bonding. 200nm thick Au film was deposited using a 

Perkin Elmer 6J Sputtering System. To improve adhesion between Au and other 

materials, very thin Ti or Cr films are usually deposited. For the current study, 5nm 

thick Ti film was deposited with Au film for the adhesion layer.  

The sputtering process of Co and Cu film was evaluated under different Ar 
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pressures from 2 to 5 mTorr and DC plasma powers from 40 to 80 Watt in order to 

optimize the film quality, primarily focusing on the sputtering rate and the film 

roughness. The deposition rate of all sputtering conditions was examined by 

measuring the step height between the deposited film and the substrate at five 

different points in the wafer using a KLA-Tencor P-15 profilometer. Table 3-2 

summarized sputtering conditions for thin films constituting the spin-valve samples.  

 

Table 3-2 sputtering conditions for thin films constituting the spin valve samples  

Materials Power 

[Watt] 

Pressure 

[mTorr] 

Flow rate 

of Ar  

[sccm] 

Magnetic 

Field 

Sputtering 

rate 

[Å/sec] 

Sputtering 

machine 

Ta 100 5 50 Off 1.27 CVC 

Cu 60 3 40 Off 1.5 CVC 

Co 40 3 40 On 1.0 CVC 

NiFe 80 3 40 On 1.0 CVC 

Ti 100 5 50 N/A 2.5 6J 

Au 50 5 50 N/A 8.3 6J 

 

3.2 Procedures for Four-point probe structure 

In order to measure the electric resistivity of the spin-valve samples, it is 

necessary to make a four-point probe structure. The four-point probe structure has two 

benefits comparing to un-patterned thin films. One is to define a current path. The 

other is to define magnetic easy axis originating from shape anisotropy [28]. The 

four-point probe structure was fabricated using an optical lithography processing 

using the fabrication facilities in a cleanroom at Carnegie Mellon University. For the 
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optical lithography, we used the photomasks, which is shown in Figure 2-3.  

Optical lithography is a very important process for fabrication of 

nanoelectronic devices. The optical lithographic process makes it possible to fabricate 

many micro/nano scale devices. First, photoresist was spun onto the wafer where the 

spin-valve structured films were deposited. The photoresist was coated into a uniform 

thickness film with a few µm thicknesses. Upon exposure to the light of the correct 

wavelength, the photoresist becomes more soluble in the case of positive photoresist. 

Using a developer, the light exposed area of the photoresist was removed. Then the 

area of the film was selectively etched by ion milling while the remaining photoresist 

plays a role of a mask. The overall procedures are summarized using a flow chart in 

Figure 3-3. In addition, the cross-sectional images for each step are illustrated in Figure 

3-4 for patterning processing using optical lithography.  

 

 

Figure 3-3 Procedures for pattering four-point probe structure 
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Figure 3-4 Illustrated patterning processing with optical lithography  

 

The detail procedures for patterning processing using optical lithography are 

addressed as follows.  

1) Surface cleaning 

We usually used a 3” diameter Si wafer which is coated with 1µm thick 

thermally grown SiO2. First we cleaned the surface of the wafer with a sequence of 

acetone, isopropanol and DI water rinse. Then, the wafer was thoroughly dried using a 

nitrogen-gas gun. Instead of drying the wafer using the nitrogen-gas gun, we often 

further clean and dry the wafer using a Semitool 870 Spin Rinser/Dryer. The spin 

Rinser/Dryer rinses a wafer in DI water to 15 MΩ and dries with heated nitrogen.  

2) Photoresist spin-coating 
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After cleaning the surface of the wafer, we coated a photoresist onto the 

surface of the wafer. We used AZ41100 (4000rpm, 1.10µm) as the photoresist, and 

hexamethyldisilazane (HMDS) for adhesion of the photoresist to the surface of the 

wafer [29]. For coating the photoresist onto the surface of the wafer, we used the 

Solitect spinner at the cleanroom.  

The timer of the spinner was set to 6 sec at 600rpm for spreading and then 

30sec at 4000 rpm for spinning. Then, we centered carefully the wafer on the spinning 

chuck and turned on the vacuum to hold the wafer in place.   

We dispensed a drop of HMDS onto the center position of the wafer and 

started the spread/spin cycle. Then, we dispensed a drop of AZ4100 onto the wafer in 

the same way as HMDS did.  

Since both the HMDS and photoresist are liquid forms, we used a spin coating 

method to coat them onto the wafer. The spin coating is a method to coat a liquid form 

onto the wafer with relatively uniform thickness. The coated thickness is inversely 

proportional to the square root of the viscosity of the liquid [29]. Since the viscosity 

of the HMDS is very low, the coated thickness of the HMDS would be a single 

monolayer [29]. 

After coating the photoresist, we placed the wafer in a convection oven at 

90C for 20 minutes. Then, we kept the wafer to a metal holder to cool down for 1 

minute. The soft baking removes a remaining solvent from the photoresist and 

improves the photoresist adhesion. The baking time and temperature affect the 

photosensitivity of the photoresist.  
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3) Exposure UV-light 

The next step was UV-light exposure to the photoresist to generate a pattern. 

For the exposure, we used a GCA 4800 stepper, which is a 10 times reduction g-line 

stepper, operating at a wavelength of 436 nm and numerical aperture of 0.38, thus 

providing a theoretical resolution of 0.7µm. However, the practical resolution is about 

1µm. First we loaded a 5”×5”×0.09” quartz photomask to the stepper just below a 

mercury arc lamp. Then, we loaded the photoresist-coated wafer on a movable stage, 

where is located at the bottom of the stepper. The UV-light is generated from a arc 

lamp, then passed through the photomask and projected down to the wafer. The 

projected pattern is reduced to a tenth of the original pattern size. The exposure time 

was 0.16-0.18 sec with focus 251. This process was repeated to make several patterns 

onto the wafer.  

4) Development 

To remove the exposed photoresist from the wafer, we used a diluted solution 

of developer with the ratio of 1:3. We mixed developer AZ 400K 200ml and DI-water 

600ml into a glass beaker. Then, we immersed the wafer into the diluted solution and 

agitated the wafer for about 2 min using a wafer holder. However, the developing time 

was not fixed. We monitored the pattern feature of the wafer while agitating. When 

watching every pattern features come out, we immediately stopped agitating and 

immersed the wafer to a DI-wafer bath. Then, we cleaned softly the surface of the 

wafer using a DI-water gun and dried it using a nitrogen gas gun. The DI-water rinse 

and N2 drying are needed to remove any remaining developer, and stop any chemical 
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processes on the wafer.   

A developer removes the exposed areas of positive photoresist. The 

developing procedure is more critical than exposure. There are three important factors 

to impact the developing process: the ratio of the dilute solution, developing time, and 

agitating way. First, the ratio of the dilute solution is approximately 1:3, but it is not 

easy to mix accurate amount of the developer and the DI-water with the exact ratio. If 

the fraction of the developer is more than 1/4, the developing process is accelerated 

and hard to control the optimum developing time. If the fraction is less, the 

developing process takes exponentially longer. Second, the developing time is also 

critical to obtain a properly developed pattern. If the time is too short, the pattern will 

be underexposed, which means that some part of the exposed photoresist still remains. 

If the development time is too long, the pattern will be overexposed, small features 

will be completely washed away. For example, Figure 3-5 shows an overexposed 

pattern, which some bridge parts were disappeared. Last, the way to agitate the wafer 

in the developer is also sensitive to the feature of the pattern. Too much or too little 

agitation during developing will result in over or under developing, respectively. In 

addition, the processing of many wafers in one batch of developer decreases the 

developing rate. It is suggested to use fresh developer every time in order to get a 

constant result.  

To check the exposure and developed conditions, we examined the developed 

wafer using an optical microscope (Olympus, MX80).  During observing the wafer 

by the microscope, it is important to use a green light filter since white light will 
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expose the photoresist. 

 

 

Figure 3-5 Over-developed pattern; 2µm and 3µm width lines were 

disappeared. 4µm width lines were partly remained and 8µm lines exist.   

 

5) Ion milling 

Following the developing process, ion milling process was proceeded to 

pattern the four-point probe structure to the film. A commonwealth scientific system 

was used for ion milling. The wafer is vaccum sealed to a siliver impregnated silicon 

rubber pad to make a good thermal contact between a water-cooling stage and the 

wafer during ion milling process. Then, the etching chamber was pumped down to the 

base pressure of 3×10
-7

 Torr. During the etching, the chamber pressure was typically 

set to 1.3×10
-4

 Torr. The sample stage was rotated and angled 22.5 in order to 

minimize sidewall deposition [30]. The 22.5 is the angle between incident beam and 
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the sample surface normal. The accelerating voltage was set to 500V and ion beam 

current 40mA, neutral current -002mA. The etching rate for Co is 121Å/min, Cu 234 

Å/min, NiFe 120 Å/min, Ta 65 Å/min [26], SiO2 70 Å/min.  

During the ion milling process, a plasma containing Ar ions and electrons are 

accelerated and then neutralized by extracting electrons from a hot filament 

neutralizer. This neutralized beam etches materials on the surface of the wafer. The 

two main characteristics of the ion milling are anisotropy and low selectivity. A wide 

range of materials can be etched anisotropically, making steep wall angles. 

6) Remove Photoresist 

After the ion milling process, the remaining photoresist was removed by 

oxygen-plasma and ultrasonic vibration treatment in acetone. Using the IPC Plasma 

etcher (international plasma corporation), we first soften the remaining photoresist by 

exposing oxygen-plasma to the wafer. We loaded the wafer with a wafer holder into 

the etcher. At 1Torr, plasma was generated using oxygen gas. The acceleration voltage 

was 100 V and the process time was 2 min. We adjusted the impedance matching to 

make the reflectance voltage to be zero. This plasma process softens the photoresist, 

which was harden during the ion milling, thus promotes removing the photoresist in 

an acetone. After plasma treatment, the wafer was immersed in acetone with 

ultrasonic vibration treatment for 10 minutes to fully remove the photoresist.  

After all, we successfully patterned the four-point probe structure of a 

spin-valve structured film, which is shown in Figure 3-6. 
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Figure 3-6 Optical image of four-point probe structure of the spin-valve 

structured film after ion milling 

 

3.3 Procedures for bridge structure 

For thermal measurement, we need a thermally isolate rod, so called a 

suspended bridge structure. For this purpose, we need two further processes. One is to 

deposit Au film onto the probe regions for wire bonding, and the other is to undercut 

Si to release the bridge from the Si substrate. 

1) Au deposition onto the probe regions  

Before undercut processing of Si, Au was deposited onto the probe regions of 

the four-point probe structure. The four-point probe structured wafer was spin-coated 

with AZ4210 photoresist (4000rpm, 2.1µm). The AZ4210 was spread at 600 rpm for 6 

sec and spin-coated at 4000 rpm for 60 sec. This thicker photoresist makes easy for 

further lift-off process. After photoresist coating, the wafer was baked at 90°C for 20 
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min in an oven. Then, the sample was exposed for 0.18 seconds using the GCA4800 

stepper with the second photomask. The second photomask has patterns of probe 

regions, as shown in Figure 3-7. The exposed wafer was developed with the 1:3 diluted 

AZ400K developer solution.  

 

 

Figure 3-7 Second mask pattern, which is overlapped onto the 1
st
 mask pattern 

 

Then, Ti(5nm)/Au(200nm) was sputtered using Perkin Elmer 6J Sputtering 

System.  The base pressure was 3×10
-7

 Torr and the process pressure was 5mTorr. 

The sputtering power was 100 Watt for Ti and 50 Watt for Au. The sputtering time 

was 20 seconds for Ti, 240 seconds for Au. The 5nm thick Ti works for an adhesion 

layer between Au and other materials. After depositing Au film, the wafer was 

ultrasonic vibration treatment in acetone for at least 3 hrs to wash off the photoresist 

with Au film. After this lift-off process, Au film located at the probe regions was 
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remained, where photoresist did not exist before the ultrasonic treatment in acetone. It 

is important to fully remove the photoresist on the probe regions before sputtering Au 

through the developing process. If the photoresist was remained there, the Au film 

would be also removed with the photoresist through ultrasonic treatment in acetone. 

Mild scrubbing with a cotton swab in acetone was performed to remove the side wall 

of the Au pad after the lift-off process. Overall processes are summarized using flow 

charts in Figure 3-8. 

 

 

Figure 3-8 Procedure for Au sputtering on the pad area  

 

2) Undercut Si using XeF2 

Following processing is to undercut Si substrate beneath the bridge regions. 

The wafer was spin-coated with AZ4110 photoresist. The AZ4110 was spread at 600 

rpm for 6 sec and spin-coated at 4000 rpm for 30 sec. HMDS was not used for this 
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process. After PR coating, the sample wafer was baked at 90°C for 20 min in an oven. 

Then, the sample was exposed UV-light for 0.18 seconds by using the GCA4800 

stepper with the third photomask. The pattern of the third photomask is shown in 

Figure 3-9. The exposed wafer was developed with the diluted solution with AZ400K 

developer. Then, ion milling process was performed to dig holes at the sides of the 

bridge area as shown in Figure 3-9.  

 

 

Figure 3-9 3
rd

 mask pattern, which is overlapped to 1
st
 mask pattern.  

 

For making the holes, it is important to etch out both metal films and SiO2 

until Si exposed since XeF2 has a high etching rate for Si but a low etching rate for 

SiO2. After the ion milling process, Si beneath the bridge regions was undercut using 

Xenon diflouride (XeF2) gas. Overall procedure for releasing the bridge structure is 

summarized using flow charts as shown in Figure 3-10. 
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Figure 3-10 Procedure of undercutting Si substrate to release the bridge 

structure  

 

The XeF2 etching was performed using a e1 series Xetch® Xenon Difluoride 

Etching System [31].  The wafer was placed in the etching chamber and the system 

was a computer-controlled to the following settings:  

 

Table 3-3 Etching settings for XeF2 etching  

Setting Value 

Number of Cycles 4 

Etch Time 60 sec 

XeF2 Pressure 3.0 Torr 

N2 Pressure 0 Torr 

 

We used a pulse method, which the wafer is alternatively exposed to XeF2 gas 
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and vacuum. Since XeF2 etching is isotropic, it etches out simultaneously vertical 

direction and horizontal direction. We need to set optimum etching condition to etch 

Si substrate underneath the bridge regions in order to release the bridge from Si 

substrate. The etching condition was controlled using the number of cycles.  

 

(a) (b)  

Figure 3-11 SEM images of 10µm wide two parallel holes after XeF2 etching 

(a) top view before cross-cutting by Gallium ion and (b) cross-sectional view after the 

cross-cutting  

 

Figure 3-11 shows the results of XeF2 etching using a FEI NOVA 600 Focused 

Ion Dual Beam scanning electron microscopy (SEM). This etch-deposit system 

combines precise Focused Ion Beam (FIB) and ultra-high resolution field emission 

SEM. The sample was the 27nm thick oxide coated Si wafer. The wafer was patterned 

holes using the 3
rd

 photomask and ion milling. Then, Si substrate was etched using 

XeF2 as shown in Figure 3-11(a). Since the XeF2 has high selectivity of Si with respect 

to SiO2, only underneath Si was etched and SiO2 films remained. In order to check 
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whether the bridge is released from the Si substrate, the hole was cross-cut by 

Gallium ion using the FIB as shown in Figure 3-11(b), which shows clearly that the 

bridge is released.   

The bridges were designed with a width of 5m, 10m, 15m and a length of 

100m and 200m. The XeF2 etching condition should be satisfied for all features. 

Figure 3-12 compares the etching results with different width when the XeF2 etching 

is not fully completed. In the case of width 15m, the bridge was not released, while 

the bridge of 10m width was released. 

 

(a)  

(b)  

Figure 3-12 SEM images for (a) the distance of the two hole was 15µm and (b) 

the distance was 10µm. In the case of (a) the bridge area is still connected with the Si 

substrate, meanwhile in the case of (b) the bridge area is released from the Si 

substrate. 
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XeF2 etching is highly selective to silicon with respect to metals, photoresist, 

and silicon dioxide [32]. The etching rate and selectivity for some materials are 

summarized in Table 3-4 After [32]. In addition, the XeF2 etching is isotropic. The 

etching rate does not depend on the crystal plane of silicon. Primary chemical reaction 

between XeF2 and silicon is following [32]: 

2 XeF2 + Si  2 Xe (g) + SiF4 (g) 

The XeF2 and SiF4 gas are very dangerous for health. Breathing them can burn 

the respiratory tract.  

 

Table 3-4 Etching rate and/or selectivity for XeF2  

Material Etch rate and/or selectivity 

Si ~2µm/min 

SiO2 Selectivity- 2000:1 

Photoresist Selectivity- ∞:1 

Ta, Cu, Au Etching rate is expected to be 

low, but no information 

tape Good masking layers 

 

3) Remove remaining photoresist 

The very last step is to remove the remaining photoresist from the wafer. 

Before removing the photoresist, the wafer was cut to 8mm×8mm pieces to fit into a 

chip carrier for wire-bonding. Since the bridge structure was released, the structure 

can be easily broken by any external stress. Therefore, we cannot use ultrasonic 
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vibration process in acetone to remove the photoresist, which will give mechanical 

stress to the bridge.  

Another way to remove the photoresist is using plasma-etching process. The 

Oxygen-plasma etching at 250Watt for 15min or 150Watt for 30 min can remove fully 

the remaining photoresist. However, after the etching process, the bridges were 

broken. During the etching process, the temperature of the chamber was increased to 

150 - 250C. Thermal stress might be the cause for breaking the bridge.  

 

  
Figure 3-13 Optical microscope image of top view of the released bridge 

structure  

 

We should not give any mechanical or thermal stress to the bridges while 

removing the remaining photoresist. For this purpose, oxygen-plasma at 100 Watt for 

2min was exposed to soften the photoresist first. The temperature increase was about 

20C. Then the chips were put into the acetone for at least 3hrs without ultrasonic 

treatment. Then, the chip was dried softly using a nitrogen-gas gun. Using this process 

we successfully removed the photoresist without damage to the released bridge, which 
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is shown in Figure 3-13.  

Figure 3-13 shows a top view of the optical microscope image of the four 

probe configuration and its bridge. The sample chip was placed in a 40-pin LCC chip 

carrier and wire-bonded to provide electrical access to the suspended beams. The LCC 

chip carrier was packaged in a socket that was attached to a circuit board, which is 

shown in Figure 3-14.  

 

(a)  

(b)  

Figure 3-14 (a) A sample chip is wire-bonded to LCC chip carrier (b) The chip 

carrier is packaged in a socket which is attached to a circuit board. 
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3.4 Setup for Steady-state joule heating 

measurement  

The electric resistance of the suspended beam was measured using a four-point 

probe measurement technique through current and voltage access pads. We used the 

four-point probe method to avoid measurement error due to contact resistance. After 

forcing a DC current to flow into the bridge structure, we measured the voltage drop 

across the bridge structure with a voltmeter. From the measurements of the voltage 

across the bridge, the resistance was determined using Ohm’s Law. 

The measurement was performed by placing the entire experimental setup 

inside the gap of an electromagnet, which provides a uniform magnetic field. The 

magnetic field was applied along the length of the bridge and its strength was swept 

from +650 Oe to -650 Oe. The field strength in the gap was monitored by placing a 

Hall probe above the sample. Figure 3-15 shows the measurement setup. 

For both typical electrical resistance measurement and steady state joule 

heating measurement, DC current was applied to the bridge and the voltage was 

measured across the bridge using the four-point probe configuration. The difference 

between typical electric resistance measurement and steady-state joule heating 

measurement is that the bridge should be thermally isolated and electrical resistance 

be measured with a series of current intensity for the steady-state joule heating 

method. In another word, an I-V curve was measured for steady-state joule heating 

method. From the I-V curve, the resistance was calculated using Ohm’s law. The 
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temperature increase stems from joule heating since electric current is applied to the 

bridge.  

 

 

Figure 3-15 Electrical measurement setup inside an electromagnet; Hall probe 

is located just above the sample. 

 

Figure 3-16 illustrates a schematic of the measurement setup for steady state 

joule heating method. Using Keithley 2400 Sourcemeter, DC current was applied 

between the two outside probes. The voltage between the two inside probes was 

measured using Agilent 34401A multimeter. Bipolar DC current was applied to a 

custom-made electromagnet to generate a magnetic field. The magnetic field was 

monitored using a Hall probe and Bell 620 Gaussmeter. While the magnetic field was 

gradually changed from -650 Oe to 650 Oe with 14 Oe step, a I-V curve was 

measured every magnetic field step. For the I-V curve, DC current was applied from 

0.1mA to 1mA with 0.05mA step.  In order to make steady-state, 10 msec was 

waited before voltage measurement after current was induced.  Before calculating 

the electrical resistance using Ohm’s law, the linear relationship of the I-V curve was 
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verified. Every measurement is computer controlled using a Labview program.  

 

 

Figure 3-16 Schematic of steady-state joule heating measurement Setup  

 

3.5 Analysis for Joule heating 

The average temperature rise of the bridge can be calculated by solving a heat 

diffusion equation in the bridge structure. The calculation was conducted based on an 

one-dimensional heat conduction with the following boundary conditions. (1) The 

bridge between the two voltage probes is suspended to allow the temperature 

fluctuation, (2) The end-supports of the bridge are kept at the ambient temperature, 

and (3) Heat loss from the surface of the bridge, due to the thermal radiation and gas 

convection, are negligible. (4) The temperature of the cross-section of the bridge is 

uniform (lump approximation).  

For the first boundary condition, we checked the bridge structure using an 

optical microscopy and SEM. In addition, we confirmed the suspended condition 

using an I-V curve. When the bridge structure is not suspended, the generated heat is 
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dissipated through a Si substrate. Therefore, the electric resistance does not increase 

with applied current but is saturated. If the bridge structure is suspended, the heat is 

dissipated only through the probe region. Therefore the electric resistance is linearly 

proportional to applied current square.  

For the second boundary condition, we changed 1µm thick oxide to 27nm 

thick oxide since oxide layer plays a role of insulating heat transport.  

For the third boundary condition, radial heat loss through radiation was 

calculated. The radial heat loss can be expressed as follows [33]. 

WattTTAq s

744 103.1)( 

          3-1 

For the calculation, the emissivity of a black body was used. 

Also, the heat loss through gas convection can be expressed as follows [33]. 
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Here, the typical value of the convection heat transfer coefficient of air, 

h=15W/m
2
K was used for the calculation. Under these assumptions, the following 

one-dimensional heat diffusion equation can be solved.  
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where , Cp, K, and R represent the density, specific heat, thermal 

conductivity and electric resistance of the bridge, respectively. vol represents the 

volume of the bridge and I applied current.  

If we assume steady-state, Equation 3-1 can be reduced [34] as follows. 
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With the boundary condition 
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where L is the length of the bridge and T0 is ambient temperature.  

Since the resistance of metals is linearly proportional to the temperature 

change [35], the resistance of the bridge can be expressed as follows. 
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Let’s introduce a new variable . 

 )(1
1

1 0

0

TTT
dT

dR

R
         3-8 

Here,  is the temperature coefficient of resistance.  
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If  is substituted into Equation 3-2, Equation 3-2 becomes 

02

2

2








m

x
           3-10 

With the boundary condition 

1)
2

( 
L

x             3-11 

Here  
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The general solution of this 2
nd

 order ordinary differential equation 3-7 is 

obtained [36] as follows  

)sin()cos( mxBmxA           3-13 

Constant A and B can be obtained by using the boundary condition 3-9.  
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This solution indicates that temperature change along the length of the bridge 

follows a cosine function.  

Since the measured resistance is the average resistance over the bridge, the 

average temperature of the bridge ought to be calculated.  The average temperature 

can be calculated by integrating Equation 3-12 over the length of the bridge and then 

dividing by the length as follows.   
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Hence, the average temperature can be expressed as: 

)2/tan(
2

mL
mL

avg            3-16 

From Equation 3-6,  
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Then, the temperature increase due to joule heating is as follows 

]1)2/tan(
2

[
1

0  mL
mL

TTT avg


      3-20 

By substituting Equation 3-18 into Equation 3-5, the average resistance of the 

bridge can be obtained as follows. 
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Also, by substituting Equation 3-18 into Equation 3-4, the resistance change 

can be obtained as follows. 
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Equation 3-20 is the analytical solution for the steady-state joule heating. We 

can obtain the thermal conductivity K by fitting experimental electrical resistances 

with Equation 3-20 if we know R0 and .  

Equation 3-20 is obtained by neglecting time varying term of Temperature 

with assumption of steady-state. In order to verify this assumption, the temperature 

increase in unsteady-state condition is also examined as follows.   

Let’s introduce another variable u(x, t) = T(x, t) – T0. Then, Equation 3-1 can 

be expressed as follows. 

21 CuCuu xxt            3-23 

With the boundary conditions  
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)),0((0)0,( Lxxu           3-25 

where  = K/Cp, thermal diffusivity (m
2
/s), C1 = (I

2
/vol)(dR/dT), C2 = 

I
2
R0/vol, respectively.   

Equation 3-21 is a one-dimensional heat diffusion equation. However, the 

Laplace transformation method cannot be applied to solve this partial differential 

equation since the method of separation of variables cannot be applied here. For the 

Laplace transformation method, a partial differential equation ought to be transformed 

to two linear ordinary differential equations by applying the method of the separation 

variables [36]. In order to apply the method of separation of variables, C1 and C2 must 

be zero, but we cannot neglect them in this study.    

Another way to get an analytical solution for a partial differential equation is 

the Fourier transformation method. The variable u(x, t) can be Fourier transformed as 

follows.  
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Here, U(, t) is the Fourier transform of u(x, t). Then Equation 3-21 becomes as 

follows. 
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If C2 can be neglected (C2=0), Equation 3-26 can be simplified as follows. 
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Since Equation 3-27 is a linear ordinary differential equation, we can solve it. 

However, C2 cannot be neglected in this study. Therefore, the Fourier transformation 

method also cannot be applied for this study. Instead, we tried to analyze the partial 

differential equation using a numerical method without any unreasonable assumption.   

Finite difference methods are well established for the one-dimensional heat 

equation on a finite interval with internal heat source and Dirichlet boundary 

conditions at both ends [37]. If we discretize Equation 3-21 by using the forward 

difference formula for ut and the central difference formulas for uxx, we get the 

forward-time central-space scheme [37]: 

212

111
),(

),(),(2),(),(),(
CtxuC

h

txutxutxu

k

txutxu
ji

jijijijiji





 
  3-30 

Here x- and t-coordinates are equally spaced with h and k, respectively. The 

forward-time central-space method is stable when the following stability condition is 

met.  

5.0
2


h

k
            3-31 

Using the parameter µ, Equation 3-28 can be expressed in the following 

simplified form: 

2,1,1,11, ][)21( kCuuukCu jijijiji        3-32 

Using Equation 3-32 with Matlab, the temperature increase in the bridge due to joule 

heating was calculated. For simulation, thickness 50nm, width 5µm, length 200µm, 
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electric resistivity 3.31×10
-8

Ωm, K = 222W/mK, Cv = 3.45*10
6
J/m

3
K, and 

=0.0015Ω/K were used for a Cu bridge.  

Figure 3-17 illustrates temperature increase of the bridge over space and time 

when a DC current 1mA is applied. As shown in Figure 3-17(b), temperature increases 

as time goes and is saturated at the characteristic diffusion time, which is defined as  

= L
2
/. Hence, we can assume steady-state after the characteristic diffusion time. In 

addition, temperature distribution along the length of the bridge shows a parabolic 

shape, which is consistent with Equation 3-12.      

As illustrated in Figure 3-17, temperature increase due to joule heating is not 

uniform over space. The temperature distribution has a parabola shape. In addition, 

temperature increases with time until the characteristic diffusion time and becomes 

saturated.  

 

 (a)  
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(b)  

(c)  

Figure 3-17 Simulation of temperature increase along a thin wire when a DC 

current 1mA is applied; (a) Illustration of temperature increase over space and time 

for  the rod (b) Plot of temperature over time. The temperature is averaged over the 

length of a rod. Temperature increases with time and is saturated after the 

characteristic diffusion time =0.62ms. (c) Temperature distribution along the length 

of the rod after the characteristic diffusion time      

 

Analysis of the relation between temperature increase verse applied current 

intensity is essential for further analysis of heat conduction using the steady-state 

joule heating and three-omega method. The average temperature over the length after 

steady-state is plotted in Figure 3-18. The calculated result using the analytical 

solution of steady-state in Equation 3-18 matched perfectly with the result using the 
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numerical method.   

 

 

Figure 3-18 Temperature increase as a function of DC current: blue dot is the 

calculated result using Equation 3-18 the analytical solution in the steady-state, red 

solid line is the result using Equation 3-30 the numerical solution, open square is the 

result using Equation 3-31.  

 

As shown in Figure 3-18, the temperature increase is linearly proportional to 

the square of the current intensity. Instead of Equation 3-18, the temperature increase 

can be approximated as follows.  
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Figure 3-18 compares the temperature increases which are calculated based on 

Equations 3-18 and 3-31. As shown in Figure 3-18, the two results are matched well 

unless the temperature increase is significant. At 1mA, the difference is 1.4%. The 

equation 3-31 shows that the temperature increase is linearly proportional to the 
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square of applied current. Also it is inversely proportional to the thermal conductivity.  

By applying Equation 3-31, the resistance change due to joule heating can be 

expressed as:  
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 (a)    

(b)  

Figure 3-19 Simulation of temperature increase along the rod when an AC 

current is applied with 1mA amplitude and 1kHz frequency; (a) Illustration of 

temperature increase over space and time (b) Plot of temperature over time. The 

temperature oscillates with 2 frequency.  
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In the case of AC current flows to the bridge, temperature distribution was 

calculated using the numerical method as shown in Figure 3-19. The parabola shape of 

the temperature distribution along the length of the bridge is the same with the DC 

joule heating. However, the temperature is oscillating with 2 period in time 

coordinate. 

 

3.6 Setup for three-omega measurement  

Using the steady state joule heating method, we cannot measure the magnetic 

field-dependent thermal conductivity of Co/Cu multilayer. The detail reasons are 

addressed in chapter 4.3. Instead using the 3 method, we measured spin-dependent 

electrical and thermal conductivities of the Co/Cu multilayer at different magnetic 

field intensities.  

The concept of the 3 method is illustrated in Figure 3-20 . When an AC 

current with 1 frequency flows to a sample, heat is produced due to joule heating 

and supplied to the sample. Then, the temperature of the sample is increased and 

change with 2 frequency. Then the resistance of the sample is also changed with 2 

frequency since the resistance is linearly proportional to the temperature change. The 

output voltage of the sample has 1 and 3 components since the voltage is the 

product of the 1 current and the 2 resistance.  
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Figure 3-20 Concept of the three-omega method  

 

The measurement was performed by placing a sample inside the gap of an 

electromagnet, which provided a uniform magnetic field. Then the 1 AC current was 

applied to the sample and 3 voltage signal was detected while external magnetic 

field is applying. 

Figure 3-21 shows a schematic of the three-omega measurement setup. We use 

two lock-in amplifiers for generating and detecting signals. A sample is connected in 

series with a fixed resistor, which we know the exact resistance value. The Lock-in 

amplifiers are in this setup SR830 DSP Lock-in amplifiers made by Stanford research 
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system. Lock-in amplifier A is used for generating an input signal, reference signal, 

and measuring the third harmonic voltage. From the lock-in amplifier A, AC sine 

wave voltage (1 component) signal is generated. The voltage signal is then 

converted to AC current signal using a resistor which has a high resistance value. For 

this study, 5kΩ resistor is used. The AC current flows through the sample bridge and a 

fixed resistor. The applied current value is monitored using the fixed resistor.  

 

 

 

 

Figure 3-21 Schematic of 3 measurement system: 1 voltage signal was 

generated from lock-in amplifier A and converted to a 1 current through a resistor, 

then passed through a sample resistor and a fixed resistor. The 1 and 3 voltage 

signal were generated from the sample. The 1 signal is cancelled out using 1 signal 

from the fixed resistor and only 3 signal is detected using Lock-in amplifier A. 1 

voltage signal was detected using Lock-in amplifier B.  

 

The voltage signal from the sample contained both 1 and 3 components, 

but the voltage signal from the fixed resistor has only 1 component since the fixed 

resistor is nearly temperature independent to prevent generating a 3 voltage 



 55 

component. For the fixed resistor, a Bulk metal Z-Foil high precision resistor with 

temperature coefficient of resistance less than 0.2ppm/C was used [38]. Since the 3 

voltage signal is deeply buried in the 1 voltage signal, the voltage from the fixed 

resistor was subtracted from the voltage from the sample to remove the majority of 

the 1 component. Then, the lock-in amplifier A was used to detect the 3 

component from the sample. In addition, the 1 component from the sample also was 

measured using lock-in amplifier B.  
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4 Spin-dependent thermal conductivity in a 

Co/Cu/Co multilayer 

4.1 Introduction 

This study describes the thermal conductivity change in a Co/Cu/Co magnetic 

multilayer depending on the magnetic configuration of the ferromagnetic layers, i.e. 

spin-dependent heat transfer. It is worthwhile to point out recently reported the 

field-dependent thermal conductivity measurement, which was performed for a 

144nm thick CoFe(12 Å)/Cu(21Å)  multilayer using a steady-state Joule heating 

method with a suspended microbridge structure [39]. However, their measured 

thermal conductivity at room temperature showed both negative and positive change 

over a magnetic field. In addition, the position of the peaks for the thermal 

conductivity change did not match with that of electric resistance change. These 

trends could not be explained by the authors and are odd. In this study we got the 

similar trend of data using the steady-state Joule heating method, but later discovered 

that artifact included into the data in the measuring process. The steady-state Joule 

heating method and its results including the artifact is discussed in Chapter 4.3. After 

all, this suggests the necessity of an accurate measurement method for thermal 

conductivity.  

In order to improve the sensitivity and accuracy of thermal conductivity 

measurement, the 3 method [40] with a thermally isolated microscale bridge 

structure was employed. Since the 3 method is a transient measurement technique, 
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the sensitivity and accuracy of the measurement in the current study is expected to be 

superior to the other methods, such as the static heat/sink four probe method [8], the 

steady-state Joule heating method [34], and even the recently developed 

micromachined thermal platform [41].  

This chapter consists of five sections. In order to observe spin-dependent 

conduction, we developed a spin-valve structure, which shows 10% MR ratio. Section 

4.2 explains the experimental procedure in detail to achieve the high MR ratio. Using 

this spin-valve structured film, we fabricated the thermally isolated microscale bridge 

structure. This thermally isolated bridge is required for both the 3 and the 

steady-state Joule heating method. In Section 4.3, we addressed the experimental 

results by using the steady-state joule heating method and its practical and 

fundamental problems. In Section 4.4, we presented the experimental data of 

spin-dependent thermal conductivity change by using the 3 method.  

 

4.2 Development of a spin-value structure  

In order to investigate spin-dependent heat transport, we need a spin-valve 

structured film with a high MR ratio. In order to develop the spin-valve structure, 

Co/Cu/Co and Co/Cu/NiFe multilayered structures were investigated. Figure 4-1 shows 

the MR ratio as a function of the thickness of Cu layer in the 

[Co(15Å)/Cu(x)/Co(30Å)]5 structure. As expected, the MR ratio of Cu layer thickness 

21Å is higher than that at 34Å and 40Å. Even though the data are not shown in Figure 

4-1, the MR ratio of Cu layer thickness 18-24Å was lower than that of 21 Å.  
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(a)  

(b)    

Figure 4-1 (a) MR ratio as a function of thickness of Cu layer in the 

[Co(1.5nm)/Cu(x)/Co(3nm)]5 multilayer as shown in (b)   

 

For Cu layer thickness 21 Å, three different substrates were compared: 1µm 

thick oxide, 27nm thick oxide, and bare Si substrate. Figure 4-2 plots MR behavior as a 

function of magnetic field for the three cases. In the case of using a 1µm thick oxide, 

10.5% MR ratio was achieved. It is worthwhile to point out that the 10.5% MR ratio 

using typical sputtering process is incredible achievement. Meanwhile, the MR ratio 

is only 1.4% in the case of using a bare Si substrate. This indicates that there might be 
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serious current-leakage effect through the substrate. When the 27nm thick oxide was 

used as a substrate, 6.1% MR ratio was achieved. This indicates that the 27nm thick 

oxide cannot completely prevent current-leakage through the Si substrate. 

Interestingly, the leakage effect is not noticeable when the Cu thickness was increased 

to above 34Å. This can be explained that the resistance of the bridge would be smaller 

than that of the substrate when the Cu layer is thicker than 34Å. In this case, an 

applied current mainly flows through the bridge instead of the substrate.  

     

 

 Figure 4-2 MR curve for [Co(1.5nm)/Cu(2.1nm)/Co(3nm)]5 multilayer with 

3 different substrates: bare Si, 1µm thick SiO2, 27nm thick SiO2  

 

In the case of Cu layer thickness is 8Å, the MR ratio was much lower than that 

of the other thickness as shown in Figure 4-3. This unusually low MR ratio might be 

due to the discontinuity of 8Å thick Cu film. The 8 Å thick of Cu film might be not 

thick enough to form a continuous film since the exposed time to plasma is only 5 
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seconds.   

 

 

Figure 4-3 MR curve for [Co(1.5nm)/Cu(0.8nm)/Co(3nm)]5 multilayer with 3 

different substrates: bare Si, 1µm thick SiO2, 27nm thick SiO2 

 

One of the easiest ways to improve the MR ratio is to increase the repeated 

number of the layers. Figure 4-4 shows the MR ratio as a function of the repeat number 

of stack for two cases: Si\Ta(3nm)\[Co(4nm)\Cu(4nm)\Co(.7nm)\NiFe(2nm) 

\Co(0.7nm)]N\Ta(3nm) and Si\SiO2(27nm)\Ta(3nm)\[Co(3nm)\Cu(3.4nm) 

\Co(1.5nm)]N\Ta(5nm). From the Figure 4-4, the optimum repeated number for 

current study was 5. Meanwhile typical repeated numbers in literature is 20-30.  The 

low repeated number could be stem from high interface roughness at the Co/Cu 

interface.   
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Figure 4-4 MR ratio(%) as a function of repeat number N of the stack for 

Si\Ta(3nm)\[Co(4nm)\Cu(4nm)\Co(.7)nm\NiFe(2nm)\Co(.7nm)]N\Ta(3nm) and 

Si\SiO2(27nm)\Ta(3nm)\[Co(3nm)/Cu(3.4nm)/Co(1.5nm)]N\Ta(5nm) 

 

After all, the layer structure for this study was selected to Ta 

(30Å)/[Co(30Å)/Cu(34Å)/Co(15Å)]5/Cu(34Å)/Ta (50Å). The films were deposited on 

the top of a 27nm thermally grown silicon dioxide/silicon wafer using DC magnetron 

sputtering at room temperature. The 27nm dry thermal oxide wafer was provided 

from University wafer [42]. Four probe configuration and Au pads were patterned on 

the top surface of these layers. Then, the bridge part was released by removing Si 

beneath the bridge regions using XeF2. Figure 4-5 shows a top view of the optical 

microscope image of the four probe configuration and its bridge and a side view of 

the scanning electron microscope image of the bridge. The bridge was designed with a 

width of 5m and a length of 200m.  Then, the Au pads of the four probe 

configuration were wire bonded to a chip carrier for electric and thermal 

measurement.   
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Figure 4-5 A top view of the optical microscopy image of the four probe 

configuration and a side view of the scanning electron microscope image of the 

suspended bridge 

 

4.3 Results for the steady state joule heating 

measurement 

We applied DC current to the bridge structure and measured the voltage across 

the bridge. Current was applied from 0.1mA to 1.0mA with 0.05mA step. Figure 4-6 

shows the current-voltage (I-V) characteristic of the bridge. The data shows linear 

curve, which obey Ohm’s law. From the I-V curve, the resistance of the bridge was 

calculated using Ohm’s law.  
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Figure 4-6 Current-Voltage (I-V) characteristic curve for the bridge; the solid 

line is a guide for eye.    

 

Figure 4-7 plots the resistance as a function of current square. It shows linear 

curve as expected in Equation 3-21. The Data was fitted using the least square 

method. From the fitted line, the intercept represents R0.  

 

 

Figure 4-7 Plot of the resistance as a function of current square; the solid line 

is a fitted line using the least square method.  
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Figure 4-8 plots R0 as a function of magnetic field, which shows 

spin-dependent electric resistance change, i.e. GMR behavior. The MR ratio is 8.0%. 

At the maximum magnetic field intensity, the electrical resistance has the lowest value. 

At this point, the two Co layers are aligned with the same direction of the external 

magnetic field. As the magnetic field intensity decreases, the electric resistance 

increases continually and has a peak value just after switching the direction of the 

magnetic field. The position of the largest resistance indicates that the magnetic 

orientation of the two Co layers is antiparallel. The magnetic field intensity of the 

antiparallel state is determined by the difference between the coercivity of the two Co 

layers.  After the peak, the electrical resistance decreases continually and becomes 

saturated again as the magnetic field intensity increases to the maximum value. When 

the magnetic field intensity is applied the opposite direction, the same trend shows up. 

Hence two symmetrical peaks in electrical resistance exist at near zero magnetic field 

intensity, where the orientation of magnetization of the two ferromagnetic layers is 

antiparallel. Meanwhile at the maximum magnetic field intensity, the magnetic 

direction of two ferromagnetic layers is aligned with the same direction to the applied 

magnetic field direction and the resistance becomes lowest. 
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Figure 4-8 Plot of R0 as a function of magnetic field for the rod from 

steady-state joule heating measurement. The MR ratio is 8.0%.  

 

For the steady-state joule heating method, electric resistance change due to 

joule heating is measured. The resistance change, R is plotted as a function of 

magnetic field in Figure 4-9. The difference of the electrical resistance was obtained by 

subtracting R0 from the resistance value at 1mA. We should be very careful to 

interpret the curve. As the magnetic field intensity decreases from the maximum point, 

the electrical resistance difference slowly decreases. Right after switching the 

direction of the magnetic field, however, the resistance difference suddenly jumps up 

to the peak value then falls down. From the lowest resistance value, the resistance 

difference slowly increases until saturated. The magnetic field value representing the 

antiparallel state from Figure 4-8 is located in the middle between the two magnetic 

values representing the highest and the lowest resistance value of the curve. This 

cannot be explained with spin configuration and very odd. To verify the trend, we 
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measured several times with different samples and got the same trend. 

 

 

Figure 4-9 Plot of the electrical resistance difference due to joule heating as a 

function of magnetic field; I-V curve was measured as current increases. 

 

However, this trend is not true. Some artifact was included during the 

measurement. For the measurement, external magnetic field was applied to the sample 

from 650 Oe to -650 Oe with 13Oe step. At each step, we measured the I-V curve. We 

assumed that the magnetic field intensity was kept the same during the I-V 

measurement. However, this assumption is not true. We noticed that magnetic field 

continuously increased a little bit at given set value. Therefore, the MR curve was 

shifted during measurement. In order to verify this argument, we shifted one step of 

the MR curve in Figure 4-8 and subtracted the original curve from the shifted curve, 

which is illustrated in Figure 4-10. This calculated result has the exactly same trend 

with the experimental data shown in Figure 4-9.  
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(a)  

(b)  

Figure 4-10 Illustration of (a) MR curve shifting during the I-V measurement 

and (b) its resistance difference  

 

To further confirm the argument, we measured the I-V curve from 1.0mA to 

0.1mA with 0.05mA step as shown in Figure 4-11. The measured resistance difference 

while current increases has the exactly opposite trend with the result while current 

decreases.  
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Figure 4-11 Plot of the electrical resistance difference due to joule heating as a 

function of magnetic field; I-V curve was measured as current decreases. 

 

 

Figure 4-12 Plot of the difference of the electrical resistance of the rod due to 

joule heating as a function of magnetic field after compensating the artifact during the 

I-V measurement 

 

In order to compensate this artifact, we averaged the above two data as shown 

in Figure 4-12. There is no abrupt change in the curve. As the magnetic field intensity 
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decreases from the maximum point, the resistance difference slowly decreases. At 

certain magnetic field intensity after the magnetic field switches the direction, the 

curve has the minimum value. Then, the resistance difference increases until saturated. 

But it is not clear whether the data matches with the spin configuration. 

 

(a)  

(b)  

Figure 4-13 Illustration of (a) MR curve change due to heating effect and (b) 

the resulted in resistance difference; the red line in (a) is the resistance change due to 

heating effect.  

 

It is necessary to know the dependency of R upon spin configuration. It is 
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well known that the MR ratio decreases with temperature [8, 39, 43-45]. It caused by 

intermixing up- and down-spin in the ferromagnetic layers [46].    Figure 4-13 

illustrates the resistance difference change due to a heating effect, which is calculated 

based on the observation that the resistance is increased to 2 Ω at 1mA and the MR 

ratio is decreased 10% from the original value. 

From Figure 4-13(b), we got the proper trend of R vs. H. The trend shows two 

valleys, corresponding to the antiparallel state of the ferromagnetic layers. However, 

we should be very careful to interpret the negative change in Figure 4-13(b).  

Equation 3-21 can be normalized by dividing the equation at the parallel state. 
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where p represents the parallel state of the ferromagnetic layers.  

Equation 4-1 can be simplified as follows. 
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Here  represents the change over magnetic field, while  represents the 

change due to joule heating. If the heat transport is affected by spin-dependent 

scattering mechanism, the relation of K/Kp ~ -R/Rp 
would be held. Then, the 

(R/Rp) should be a positive change instead of a negative change since the R/Rp 

shows a positive change as shown in Figure 4-8. However, Figure 4-13(b) shows the 

negative change for (R/Rp). If the trend in Figure 4-13(b) is correct, Equation 4-3 is 
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wrong. When we derived Equation 4-1, we assumed that dR/dT is constant for the 

spin configuration. However, the dR/dT is not constant for the spin configuration. As 

mentioned previously, the MR ratio decreases as temperature increase. It indicates 

that dR/dT is dependent on spin configuration. Therefore, Equation 4-3 should be 

modified as follows. 
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From the steady-state joule heating measurement, we can get (R/Rp) and 

R/Rp. But we cannot get K/Kp since the value of (dR/dT)/(dR/dT)p is unknown.  

In the case of Yizhang et al.[39] , they might assume that only R and K terms 

are dependent on a magnetic field and treat (dR/dT)/(dR/dT)p as constant for a 

magnetic field. Then, they might calculate K. In this case, K/Kp is R/Rp - 

(dR/dT)/(dR/dT)p. 
Since R/Rp is relatively small compared to (dR/dT)/(dR/dT)p, 

the K/Kp would be similar to Figure 4-9. Obviously it is not correct data.  

 

4.4 Results for the three-omega measurement 

For the thermal conductivity measurement, the three-omega (3) method was 

employed. As described earlier, the sample was fabricated as a microscale bridge 

structure as shown in Figure 4-5. This thermally isolated structure allows 

one-dimensional heat transport along the length of the bridge. Since the bridge 

between the two voltage probes is suspended to allow temperature fluctuation and all 

the probes are thermally conductive to the heat sink, which is silicon substrate, the 3 
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data were analyzed with the relationship between 3 voltage and thermal conductivity 

derived by Lu et al.[47]
 
and Chris et al.[48].  

3 voltage signal V3w is composed of in-phase component, X3w and out-of 

phase component, Y3w. 
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In particular, X3w can be expressed as. 

 
2

3

13

)10/2(1 





K

RI

dT

dR

A

L
CX        4-6 

where C1 is constant, L is the length and A is the cross-sectional area of the 

bridge structure; dR/dT is the ratio of an electrical resistance to temperature, K is the 

thermal conductivity, and R is the electrical resistance across the bridge structure; I is 

the amplitude,  is the angular frequency of the applied AC current.  

 is the thermal diffusion time defined as. 

KCLL v // 22             4-7 

First of all, we do find that |X3| ∞ I
3
 and |X3| ∞ 2)10/2(1/1  as shown in 

Figure 4-14. This confirmed that our 3 voltage data is reliable.   
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(a)  

(b)  

Figure 4-14 In-phase 3 voltage (a) as a function of current intensity at 

f=11Hz, showing the relation X3 ~ -I
3
. The solid line is the least-square fitted curve, 

(b) as a function of angular frequency, showing 1/(1+(2/10)
2

 
relation; the solid 

lines are to guide the eyes. 

 

At low frequency (<< 1), Equation 4-6 is reduced as follows. 
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In order to see the relative change over the magnetic field, Equation 4-8 is 

normalized by dividing the equation at parallel state. Then the equation becomes: 
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where p represents the parallel state of the magnetization.   
 

Using the 3 measurement setup, we measured R and X3 simultaneously 

while sweeping the magnetic field from 650 Oe to -650 Oe. Figure 4-15 shows the 

measured electrical resistance change of the bridge over the magnetic field. The R/Rp 

is spin-dependent.  

 

 

Figure 4-15 MR curve for a [Co (3 nm)/Cu (3.4 nm)/Co (1.5nm)] multilayer 

using AC current with frequency 11Hz and amplitude 1mA; the solid lines are to 

guide the eyes.  

 

Figure 4-16 shows the in-phase 3 voltage change over the magnetic field. 

From Equation 4-4 and 4-9, the result shown in Figure 4-16 should be the same as the 

result in Figure 4-12. Indeed, the two data are similar, but the data in Figure 4-16 is more 

precise.   
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Figure 4-16 Relative variation of the in-phase 3 voltage component as a 

function of the magnetic field for a [Co (3 nm)/Cu (3.4 nm)/Co (1.5nm)] multilayer 

using AC current with frequency 11Hz and amplitude 1mA; the solid lines are to 

guide the eyes.  

 

As described in previous section 4-3, dR/dT is also spin-dependent. Hence, 

K/Kp cannot be obtained from the data in Figure 4-15 and Figure 4-16. In Equation 4-9, 

there are two unknown variables. It is worthwhile to remind that the steady state joule 

heating method has the same problem.  

This problem can be solved frequency dependency in Equation 4-8. At high 

frequency, K term diminishes and substitutes to heat capacity Cv as follows. 
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Since the Cv is not dependent on magnetic field or spin direction, Equation 

4-10 can be normalized as follows. 
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 (a)  

(b)  

(c)  

Figure 4-17 Relative variation of (a)X3, (b)R, and (c) dR/dT at 28 kHz, as a 

function of the magnetic field for a [Co (3 nm)/Cu (3.4 nm)/Co (1.5nm)] multilayer. 

The solid lines are to guide the eyes. 
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We measured X/Xp, R/Rp at 28kHz (>> 1). Then, (dR/dT)/(dR/dT)p was 

extracted using Equation 4-9 as shown in Figure 4-17 by assuming (dR/dT)/(dR/dT)p 

does not depend on frequency. It is worthwhile to point out that the spin-dependent 

change of (dR/dT)/(dR/dT)p is very similar to the data in Figure 4-13(b).  

Since we already measured X/Xp, R/Rp at 11Hz (<<1), we can get K/Kp 

using Equation 4-9 with the data of (dR/dT)/(dR/dT)p. Figure 4-18 shows the 

spin-dependent thermal conductivity change. The behavior of the thermal 

conductivity over the magnetic field intensity was similar to that of the electric 

conductivity. The thermal conductivity is saturated at the maximum magnetic field 

which the field intensity is large enough to align the magnetization of the two Co 

layers parallel each other. As the field intensity reduces, the thermal conductivity 

decreases and has a valley just after switching the direction of magnetic field intensity. 

Two symmetrical valleys are observed in the thermal conductivity dependence with 

the magnetic field, where the orientations of the magnetization of the two Co layers 

are antiparallel. The position of the two valleys matches to that of the peaks for the 

electric resistivity. The maximum ratio of the electrical resistivity and the thermal 

conductivity is 7.5%, 50.0% respectively. 
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Figure 4-18 Relative variation of the thermal conductivity in CIP geometry at 

room temperature, as a function of the magnetic field for a [Co (3 nm)/Cu (3.4 

nm)/Co (1.5nm)] multilayer; the solid lines are to guide the eyes. 

 

4.5 Discussions 

In pure metals, the electronic contribution to the thermal conductivity is 

dominant compared to the phonon contribution at all temperature including room 

temperature [2]. In a pure metal, the Pauli principal reduces the possible scatterings of 

electrons, while there is no empty state to scatter into for phonons [49]. Therefore, 

Weidemann-Franz law can be applied to metals at room temperature.    

The difference between the ratio of the electric resistivity and the thermal 

conductivity indicates that the Lorenz number of Weidemann-Franz law is different 

between the parallel state and antiparallel state, which is consistent with the literature 

[9, 39]. For the current study, the Lorenz number of the antiparallel state is lower than 

that of the parallel state. The difference can be qualitatively explained by the 
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difference of the scattering rate for heat and charge transport by electrons.  

The spin-dependent electron scattering in a CIP geometry for the current study 

can be explained by the interface scattering at Co/Cu interface due to the different 

band structure of the Co layers, which have the spin-dependent electronic band 

structure [7, 14]. When the spin direction of electron is different from the magnetic 

direction of the Co layer, the scattering rate of heat transport can be much larger than 

that of the charge transport due to inelastic electron-phonon and electron-magnon 

scattering [9, 39]. In the parallel state, electrons which have the same spin direction 

with the Co layer dominantly contribute heat and charge transport. Therefore the 

effect of severe scattering of heat transport is negligible. However, in the antiparallel 

state, the electrons in both spin directions are reflected from the anti-aligned Co layers 

and hence heat transport experiences much strong scattering and the thermal 

conductivity decrease significantly.  

 

4.6 Summary 

To summary, spin-dependent heat transport phenomenon was observed 

successfully in a magnetic multilayered structure. We developed a spin-valve 

structured film, which shows 10% MR ratio with a low saturation field. Using the 

films, we fabricated a microscale thermally isolated bridge structure. In order to 

measure the thermal conductivity of thin films, we built the three omega setup. Then 

we measured the spin-dependent thermal conductivity by using the three omega 

method with the spin-valve structured bridge. The thermal conductivity change 
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showed 50% difference depending on the magnetic configuration. The Lorentz 

number is also spin-dependent. Mechanisms responsible for the charge and heat 

transport may not be identical.    
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5 Experimental details for thermal 

boundary resistance  

In addition to the spin-dependent heat transport, this thesis focused on heat 

transport of thin films in cross-sectional direction. In nanoscale multilayered 

structures, thermal boundary resistance could dominate the overall heat transport 

rather than the thermal properties of each individual layer. A temperature difference 

occurs when heat flows across an interface between dissimilar materials because a 

thermal boundary resistance exists in the region of the interface. This study 

investigates the thermal boundary resistance between metals and dielectrics using an 

optical pump-probe technique.  

 

5.1 Introduction 

Heat management is essential for the reliability in integrated circuits and 

related devices. An abrupt temperature rise can cause critical failure in electronic 

devices even if the temperature rise occurs in a local area for a very short time. As the 

sizes of electronic components in devices continue to decrease, the power density of 

electronic components increases exponentially. Thus, efficient heat removal from the 

active electronic components becomes a critical requirement [50]. Since most devices 

have thin-film structures, there has been a growing interest in the thermophysical 

properties of thin-film materials, which can be very different from bulk properties [51, 

52].  
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In the case of thin-film structures, heat transport on a short length scale and 

time scale is often related to the properties of interfaces [53]. In most devices, metallic 

films play a role in dissipating heat. Meanwhile, dielectric films are used to isolate 

electrical or thermal transport from electronic components. Thus, determining the 

thermal properties of metal and dielectric thin films is very important. In addition, 

thermal boundary resistance between metal and dielectric thin films could dominate 

the overall heat transfer process rather than the thermal properties of each individual 

thin film [54]. Therefore, the thermal boundary resistance between metal and 

dielectrics is becoming critical to both the design and selection of materials in 

nanoscale devices.  

The thermal boundary resistance can exist in interfacial regions between 

dissimilar materials [55]. The thermal boundary resistance causes temperature 

discontinuity across the boundary when heat flux is applied. Some reasons for the 

thermal boundary resistance are the presence of an extremely thin disordered region 

between the materials, scattering of the heat carrier at the interface, and the reflection 

of phonons due to differences in the phonon dispersion of the materials [55]. 

This study examines the thermal boundary resistance between metals and 

dielectrics, particularly at the Au/SiNx and CoFe/SiNx interface using a transient 

thermoreflectance (TTR) technique at room temperature. Gold, Au, is one of most 

widely used materials for integrated circuit technology. Cobalt Iron, CoFe, has been 

extensively used for magnetic data storages.  Silicon Nitride, SiNx, is often used as a 

gate dielectric layer in thin-film transistors. It is also used as a passivation layer to 
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protect semiconductor devices, as an insulator, and a chemical barrier in fabricating 

metal-nitride-oxide-silicon (MNOS) devices [56]. Therefore, these interfaces can be a 

generic metal-dielectric interface to investigate even though there is no specific 

application for current data storage or integrated circuit technology. The TTR 

technique has been used to measure the thermal boundary resistance between thin 

metal films and dielectrics [54, 57]. In this study, a nanosecond reflectance 

thermometry was used for the TTR. While temperature dependent transport properties 

are relevant and required to provide a full understanding of the underlying physics, 

the present work only focuses on room temperature component. Future work is 

directed at the systematic study of temperature dependent transport properties of 

metal-dielectric interfaces.  

 

5.2 Setup for a pump-probe measurement system  

The instrumentation and analysis fundamentally depend on the duration of the 

heating pulse and the detecting method. In this study, we used a nanosecond pulse for 

heating and a continuous time-domain laser-reflectance for thermometry. The energy 

from each pulse in the pump beam produced a sudden temperature rise at the surface 

of a sample. The cooling of the surface temperature was then examined by monitoring 

the reflectivity change of a probe beam because the reflectivity is linearly proportional 

to the temperature for most metals [58].  

Figure 5-1 illustrates the concept of the pump-probe method. A laser pulse with 

10ns duration pumps energy to a sample surface. The reflected beam of the 
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continuous-wave laser has the thermal response of the sample. The thermal response 

has the information of the thermal properties of the sample. The information can be 

decoded by analyzing a thermal model.  

 

 

Figure 5-1 Illustration of a pump-probe technique    

 

A schematic of the experimental setup for TTR is shown in Figure 5-2. The 

pump beam was guided onto the surface of a sample through an objective lens at 

normal incidence. Several mirrors and lenses were located in the path of the pump 

beam to control the position and size of the pump spot on the surface. The position 

and size were monitored by a CCD camera. The divergence of the pump beam and 

therefore the size of the focused pump spot were controlled by adjusting the distance 

between the lenses.  
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Figure 5-2 Schematic of the pump-probe measurement setup using a 

nanosecond pulse laser for pumping and a continuous-wave laser for probing.  

 

The high power light pulses were produced by a frequency-doubled Nd doped 

YAG laser operating at a 532 nm wavelength. The Nd:YAG laser for the current study 

is a Quanta-Ray® Lab -130 laser made by Spectra-Physics, which is now Newport. 

The pulse duration was about 10 ns at full width half maximum (FWHM), and the 

repetition rate was 10Hz. Since the time interval between pulses was a relatively long 

100ms, the residual heating of a sample was negligible.  

Figure 5-3 shows the pulse shape of the Nd:YAG laser. The intensity of the 

laser pulse was measured 100 times using a PDA10A amplified photodetector and a 

DSO6102A oscilloscope, and then averaged. The pulse shape shows a Gaussian 

profile. 
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Figure 5-3 Pulse shape of the Nd:YAG laser which shows a Gaussian profile   

 

Since the laser pulse of the Nd:YAG laser has a Gaussian shape, the intensity 

and FWHM of the laser pulse were measured depending on the power level, which is 

shown in Figure 5-4. As expected, the intensity of the laser pulse increases as the power 

level increases. But the intensity is not stable at the power level 1 and 2. Figure 5-4(a) 

shows how much intensity vary at a given power level. The ratio of the intensity 

variation is high at the power level 1 and 2 but becomes down to almost zero above 

the power level 3. This indicates that the laser power becomes stable above the power 

level 3. In addition, the FWHM decreases as the power level increases and become 

less than 12ns above the power level 3. According to the specification of the Nd:YAG 

laser, the FWHM will be 8 ~ 12ns. Based on the above observation, we can conclude 

that the laser pulse is stable and reliable above the power level 3, which range has 

been used in the current study.    
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(a)  

(b)  

Figure 5-4 (a) The ratio of intensity variation and (b) FWHM of the laser pulse 

as a function of the laser power level in the Nd:YAG laser 

 

A low-power continuous laser was used for the probe beam and a fast 

photodiode detector was used to sense the change in reflectivity induced by the 

heating pulse. A linearly polarized continuous light was produced from a 2mW He–

Ne laser at a 633 nm wavelength, which model is 1122p made by JDSU. The probe 

beam was passed through a polarizing beam splitter (PBS) and a quarter-wave plate 

and directed to a sample at normal incidence to minimize the illuminated area. Since 
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the wavelengths of the pump beam and the probe beam were different, a coaxial 

geometry was used. The pump and the probe beam were passed through the same 

objective lens, which simplified the alignment and produced less distorted Gaussian 

spots.  

The reflected probe beam from the surface was aimed toward the quarter-wave 

plate and the PBS.  After crossing the quarter wave plate twice, the polarization 

plane of the reflected beam was rotated 90 degrees. Then the beam was reflected by 

the PBS and focused by a lens onto a silicon photodetector, connected to an 

oscilloscope. For the photodetector, a PDA10A amplified photodetector was used, 

which is a Si Detector for 200-1100 nm wavelength made by Thorlabs. For the 

oscilloscope, DSO6102A Oscilloscope was used, which has 2-channel, bandwidth 1 

GHz, sample rate 4 GSa/s made by Agilent. A laser line filter was positioned in front 

of the photodiode to prevent scattered light from the pump beam interfering with 

detection of the reflected probe beam.  

The reflected beam should be guided to a photodetector in order to monitor the 

reflectivity change of a sample. A low-power laser was used to minimize the heating 

of a sample. In order to maximize the sensitivity of the reflective signal at a 

photodetector, we used a linearly polarized laser and a cubic polarizing beam splitter 

(PBS) and a quarter-wave retardation plate.   

In order to explain the roles of the PBS and the quarter-wave plate, Figure 5-5 

illustrates two optical configurations.  In the case of Figure 5-5(a), a non-polarizing 

beam splitter is used.  With this configuration, the reflected as well as the incident 
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beam will be split half by the beam splitter, resulting in loss of the intensity of the 

laser into the photodetector.  Therefore, a photodetector collects only one-quarter of 

the intensity of the incident laser. In the case of Figure 5-5(b), the combination of a 

polarizing beam splitter (PBS) and a quarter-wave plate is used to maximize the 

sensitivity. The vertically polarized incident laser transmits through the PBS and is 

converted into a left-handed circularly polarized wave by the /4 plate whose angle is 

45. The light reflected from a sample surface is a right-handed circularly polarized 

wave, which in turn is converted into a horizontally polarized wave by the same /4 

plate. Therefore, the vertically polarized incident laser is converted into a horizontally 

polarized reflected laser after passing through the /4 plate twice [59]. The 

horizontally polarized wave is reflected by the PBS to a photodetector. 

 

(a)   (b)  

Figure 5-5 Comparison between two types of optical configuration: (a) using a 

non-polarizing beam splitter and (b) using a polarizing beam splitter and a 

quarter-wave plate 
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The overlap of the probe spot and the pump spot on the surface is essential for 

detecting the thermoreflectance signal. If the pump spot and the probe spot do not 

overlap at all, the reflectivity change will be zero. In other words, no 

thermoreflectance signal can be detected without overlapping. The pump spot was 

expanded to cover a large area and the probe spot was focused to be a small spot.  

Then, the position of the probe spot was adjusted to be located at the center of the 

pump spot on the sample surface. The overlap of the probe spot and the pump spot 

was confirmed by the CCD camera. This large ratio of the pump-probe spot 

eliminates the effect of varying overlap between the two laser spots. 

Another merit of the large ratio of the pump-probe spot is to avoid radial heat 

spreading effect and to ensure a one dimensional heat transfer [60]. Generated heat 

from the pump beam can be transported not only at cross-plane direction but also at 

in-plane direction. This radial heat spreading will make faster thermal decay curve 

and lower thermal resistance than the true values.  The size of the probe spot was 

minimized through focusing the probe beam exactly on the surface of the sample by 

adjusting the height of an objective lens. In this setup, the diameter of the probe spot 

on the surface was measured to be about 25m using a CCD camera.  The size of the 

pump spot was also expanded to about 250m. Therefore the ratio of the pump-probe 

spot size is 10:1, which reduces significantly the radial heat spreading effect [60].  

 

5.3 Sample preparation  

Sample structure for the TTR measurement is illustrated with a pump beam 
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and probe beam in Figure 5-6. The typical sample structure is Au/thin film/Si substrate. 

Heat is generated at the surface of the Au top layer and passed through the thin film to 

be measured until Si substrate. The Si substrate plays a role of a heat sink. In current 

TTR experiments, a metal film on top of the material absorbs the majority of the laser 

pulse energy near the surface of the film. An Au film was selected as a top absorption 

layer because its thermoreflectance coefficient is relatively large [61], and its 

reflectivity is linearly proportional to its temperature in wide temperature ranges [58], 

and is hardly oxidized in air.  

Since gold has high diffusivity as 1.2×10
-4

 m
2
s

-1
, radial heat spreading effect 

might be severe. In this setup, the duration of heating event was only 10ns. Hence, the 

thermal spreading distance is 1.1µm, which is much smaller than the pump spot size 

of 250µm. Therefore, the condition for one-dimensional transport is well satisfied. 

 

  

Figure 5-6 Sample structure for the TTR measurement  
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Two series of samples were made to study the thermal conductivity of the 

SiNx films and the thermal boundary resistances at Au/SiNx and CoFe/SiNx interfaces. 

The Au/SiNx/Si substrate structured samples were made to measure the thermal 

conductivity of SiNx films and the thermal boundary resistance at the Au/SiNx 

interface. The Au/CoFe/SiNx/Si substrate structured samples were made to measure 

the thermal conductivity of SiNx films and the thermal boundary resistance at the 

CoFe/SiNx interface.   

The SiNx films with the thickness range of 50 - 200nm were deposited on Si 

(100) wafers by RF reactive sputtering using a Si target with an Ar and N2 atmosphere.  

The 121nm thick CoFe film was subsequently deposited on the SiNx film by DC 

magnetron sputtering using a composite target with a composition of Co 90at% and 

Fe 10at%.  The sputtering of SiNx and CoFe films was conducted using a RF/DC 

magnetron sputtering system located in the cleanroom at Carnegie Mellon University 

[24]. The base pressure of the chamber was less than 510
-7

 Torr. A 529nm thick Au 

film was deposited on the CoFe film or on the SiNx film by DC sputtering.  The Au 

film was deposited using a Perkin Elmer 6J Sputtering System [24].  
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6 Analytical solutions for heat diffusion 

equation 

In order to extract the thermal properties from the measured thermoreflectance 

signals, thermal modeling is required. Analytical solutions were obtained using the 

analogies between thermal conduction and electrical conduction and applying the 

transmission-line theory. The detailed procedure to derive the analytical solutions in 

frequency domain is presented here.  

 

6.1 Introduction 

Using the pump-probe method, we can measure the time-resolved reflectance 

change at the surface of a sample. In order to extract the thermal properties of a thin 

film from its thermal response, an analytical solution is required. If the temperature of 

both end of a sample is given, it is straightforward to get the analytical solution for the 

heat diffusion equation which is described in section 3.5. However in the case of the 

pump-probe method for the current study, the temperature of the surface of a sample 

is an unknown variable, which varies in time. In addition, a sample is not a standing 

alone single film, but has a multilayered structure. In this case, it is very difficult to 

get an analytical solution for the heat diffusion equation.  

Another way to solve the heat diffusion equation for a multilayered structure is 

to use a numerical method such as a finite differential method. However, a numerical 

method requires a lot of computing time, which is not appropriate for fitting the 
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experimental data. Instead, a frequency-domain solution for the multilayered structure 

can be easily solved using a transmission-line theory. The frequency-domain solution, 

then, is transformed to the time-domain solution by performing an inverse Laplace 

transformation.  This time-domain solution can be used to fit the experimental data 

to extract the thermal properties of a film. This work is based on the work by Chen 

[62].  

 

6.2 Analogies between thermal conduction and 

electric conduction 

The heat flux is proportional to the temperature gradient. In the case of one 

dimensional heat transport in an isotropic material, the heat flux can be expressed as 

[33]   

x

T
kqx



             6-1 

where q is the heat flux density (W/m
2
), T is the temperature (K), k is the 

thermal conductivity of the material (W/mK).  The equation is called as Fourier’s 

law. 

Likewise, electric current density is proportional to electric field, which is 

called Ohm’s law [2]. In the case of one dimensional electric transport in an isotropic 

material, the Ohm’s law can be expressed as follows. 

 xx EJ              6-2 
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where J is the electric current density (A/m
2
), E electrical field (V/m),  

electric conductivity (1/m) of the material.  

It is clear that there is an analogy between the heat and electrical conduction 

expressed by equation 6-1 and 6-2.  Based on the analogy, Table 6-1 summarizes the 

corresponding quantities and properties. The analogy is useful in the analysis of heat 

transport problems from property measurement to modeling.  In modeling, a 

complicated heat transfer analysis can be simplified by creating an electric circuit. 

 

Table 6-1 Analogies between thermal conduction and electrical conduction 

Thermal conduction Electrical conduction 

Temperature, T [K] Electrical potential, V [V] 

Temperature gradient, T/x [K/m] Electrical field, V/x [V/m] 

Heat flux density, q [W/m
2
] Electric current density, J [A/m

2
] 

Thermal conductivity, k [W/mK] Electrical conductivity,  [1/m] 

   

6.3 Apply transmission-line technique  

In electric circuits, the length of the wires connecting the components is 

generally ignored.  The voltage on the wire at a given time is commonly assumed to 

be the same at all points. However, this assumption is not true if the voltage is an AC 

signal and its wavelength is comparable to or less than the length of the wire. In this 

case, the length of the wire must be treated as a transmission line, where the phase and 

the interference with reflection are considered [63, 64].   
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From the analogies between the heat conduction and electric conduction, 

temperature T is equivalent to voltage V, and heat flux is equivalent to current density, 

J(x) or current, I(x) in the case of one dimensional transport.  

Then, we can rewrite temperature gradient in the term of voltage and current 

as follows. 

),(
1),(

xsI
kx

xsV





          6-3 

Differentiating Equation 6-3 yields the following equation. 

),(
),(

2

2

xsV
k

cs

x

xsV 





         6-4 

where  is the density, c is the specific heat of a material, and s is frequency.  

Above equation becomes further simplified using a propagation constant, . 

),(
),( 2

2

2

xsV
x

xsV





         6-5 

The propagation constant,  is defined as 
2
 = s/ with diffusivity =k/c.  

The general solution for above equation can be expressed as follows [63, 64]. 

 x)(0)exp(V + x) (0)exp(-V = V(x) -+       6-6 

where the superscripts + and − represent forward and backward traveling 

waves, respectively. 

Since I = -kV/x,  

 x)](0)exp(V  -  x)(0)exp(-[V k)( -+ xI     6-7 

Using the characteristic impedance, Zc = 1/k, Equation 6-7 can be expressed 
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as follows. 

 x)](0)exp(V  -  x)(0)exp(-[V
Z

1
 = I(x) -+

c

      6-8 

Here, the characteristic impedance is defined as the ratio of the amplitude of 

voltage to current at x=0 without reflections.  

)0(

)0(





I

V
Z c             6-9 

Since the transmission line is terminated at a load impedance ZL at x=0 as 

shown in Figure 6-1, the load impedance must be the ratio of voltage to current at x=0. 

i.e., ZL = V(0) / I(0).  

 

 

Figure 6-1 Illustration of transmission line for a single layered film; 

Transmission line with current source Qs is terminated at a load impedance ZL.   

 

By using Equation 6-6 and 6-8 with x=0, ZL can be expressed as: 

cL Z
VV

VV
Z

)0()0(

)0()0(







          6-10 

Let’s introduce a reflection coefficient,  which is defined as the amplitude of 

the reflected voltage wave to the amplitude of the incident voltage wave, i.e., =V
-
/V

+
. 

Then, the reflection coefficient  at x = 0 can be expressed from Equation 6-10. 
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cL

cL

ZZ

ZZ




 )0(            6-11 

Also, the reflection coefficient  at x = -d becomes: 

)exp()0(

)exp()0(
)(

dV

dV
d






 
          6-12 

)2exp()0()( dd           6-13 

Then, input impedance at x = -d can be expressed as: 

)(

)(
)(

dI

dV
dZ in




            6-14 

)]exp()0())[exp(0(

)]exp()0())[exp(0(
)(
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
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



    6-15 

  )(1

)(1
)(

d

d
ZdZ cin




          6-16 

Equation 6-16 can be converted to a following expression with Zc and ZL using 

Equation 6-11 and 6-13. 

   
     )2exp(1)2exp(1

)2exp(1)2exp(1
)(

dZdZ

dZdZ
ZdZ

cL

cL

cin







    6-17 

This Equation can be simplified using the hyperbolic tangent function. 

  )tanh(

 )tanh(
)(

dZZ

dZZ
ZdZ

Lc

cL

cin







        6-18 

Here the hyperbolic tangent tanh(x) is defined as [1-exp(-2x)]/[1+exp(-2x)]. 

The Equation 6-18 is the input impedance in frequency-domain for a single 

layered film, which is required for the analytical solution. The load impedance, ZL, 
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corresponds to the thermal impedance at the bottom of the film. 

 

6.4 A two-layered model 

Since a film is generally required a substrate to support it, usual sample has a 

film/substrate structure. This two-layered structure is equivalent to a two-component 

transmission-line as shown in Figure 6-2. 

 

 

Figure 6-2 Illustration of transmission line for the two-layered structure  

 

In this case, the input impedance Zin(-d1-d2) can be expressed from Equation 

6-18. 
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Here,  




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Hence,  
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However, in many cases a thermal resistance exists located at the interface 

between the two layers. This thermal resistance can be treated as an extra element Rth 

in series between the two components in the transmission line as shown in Figure 6-3. 

 

 

Figure 6-3 Illustration of transmission line for the two-layered structure with a 

thermal resistance at the interface between a film and a substrate 

 

In this case, Rth component is added to Equation 6-20.  
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Then, the input impedance Zin(-d1-d2) becomes: 

 
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
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6-23

 

Since the thickness of the substrate is infinity thick compared to the thickness 
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of the film, we can assume isothermal condition at the bottom of the substrate (at x=0). 

In addition, the thickness of the substrate can be treated to infinity (d2=) compared 

to the film thickness. Hence, tanh(2d2)= 1.  

Using the above the two boundary conditions, Equation 6-23 can be further 

simplified. 


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









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dZRZ
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cthc

cin



  6-24 

where Z1c and Z2c are the characteristic impedance of layer 1 and layer 2 

respectively. d1 and d2 are the thickness of layer 1 and layer 2, respectively. 1 is the 

propagation constant of layer 1, defined as (s/D1)
-1/2 

and s is frequency, D1 = k1/Cv the 

thermal diffusivity with k1 is the thermal conductivity of layer 1.  

For the current study, the film between Au and Si substrate is treated to a 

thermal resistance, Rth in the 2-layered model. This thermal resistance includes the 

thermal boundary resistance and the volume resistance (d/K) due to the film. The heat 

capacitance of the film is neglected for this model. The advantage of the 2-layered 

model is that the information for physical properties of the film, such as the thickness, 

the density, the heat capacity, and the thermal conductivity, are not required for the 

modeling. By plotting Rth with a few different thickness of the film, the thermal 

conductivity of the film and the thermal boundary resistance between Au and the film 

can be extracted.  
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6.5 A three-layered model 

The two-layered model is only valid if the thickness of a film is very thin 

therefore can be negligible. If the thickness of the film is thick enough, the heat 

capacity of a film cannot be neglected. In this case, three-component 

transmission-line model corresponding Au/film/Si substrate is necessary. In this case, 

the thermal boundary resistance at each interface should be considered too. 

Three-component transmission-line with 2 resistances is shown in Figure 6-4 for a 

3-layered structure. 

 

 

Figure 6-4 Illustration of transmission line for the three-layered structure with 

thermal resistances  

 

When there is no thermal resistance, the input impedance Zin(-d1-d2-d3) can be 

expressed as follows. 
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Here 
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and 
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If the isothermal boundary condition and infinite thick substrate assumption 

are applied, Equation 6-25 becomes: 
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In the case of thermal resistance existing, Equation 6-26 and 6-27 should be 

modified as follows. 
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and  
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Then, the input impedance Zin(-d1-d2-d3) can be obtained as follows. 
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From the above input impedance, the characteristic impedance and 

propagation constant are needed to be transformed to a frequency form.  
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The characteristic impedance Zc can be expressed using an effusivity. 
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Here the effusivity for each layer is defined as follows. 
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And  

e21 = e2/e1, e31 = e3/e1, e32 = e3/e2. 

In addition, the propagation constant for each layer can have the following 

relations:  

sd 111   , sd 222   , sd 333    

Then, the input impedance for the two-layered model can be converted to a 

frequency-domain form from Equation 6-24. 
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In addition, the input impedance for the three-layered model can be converted 

to a frequency-domain form from Equation 6-31. 











































]sinh)(cosh[cosh

])sinh)1(cosh[sinh

)sinhcosh(coshsinh

]sinh)(cosh[sinh

]sinh)1(cosh[cosh

)sinhcosh(coshcosh

1
)(

23212212311

22322311

23223221

23212212311

22322311

23223221

1

321

sseeReses

sseseRssesR

sesseRss

sseeReses

sseseRssesR

sesseRss

se
dddZ

th

thth

th

th

thth

th

in













6-33

 

  



 105 

7 Thermal boundary resistance of Au/SiNx 

and CoFe/SiNx 

As mentioned previously, thermal boundary resistance will be a dominant 

factor for heat conduction in thin films. This study investigates the thermal boundary 

resistance between metals and dielectrics, particularly at the Au/SiNx and CoFe/SiNx 

interface using an optical pump-probe method based on a TTR technique. In detail 

experimental setup and sample preparation were addressed previous chapters. Here 

we presents the thermal modeling based on the analytical solutions derived previous 

chapter and the experimental results of the thermal conductivity of SiNx and the 

thermal boundary resistance at the interface of Au/SiNx and CoFe/SiNx. 

 

7.1 Thermal modeling 

Here we present overall procedure of implementing thermal models to 

experimental data, which is based on the work by Chen [62].  

The time-resolved thermoreflectance signal represents the transient 

temperature change since the thermoreflectance signal is linearly proportional to the 

temperature [58]. Temperature change at the surface of a film in a frequency domain, 

T(s,-d) is given as [62] 

)()(),( dZsQdsT in           7-1 

where Q(s), a heating source, corresponds to the shape of a laser pulse in a 



 106 

frequency domain. Zin(-d) is the input impedance at the surface and d is the thickness 

of a film.  

Here, we assume that heat is generated at the surface of a sample. In order to 

verify this assumption, an optical penetration depth is resumed. Light cannot penetrate 

far into a metal.  The intensity decreases exponentially as light propagates through a 

metal. 

)exp(0 zII             7-2 

where z is the distance from the surface of a metal and  is the absorptivity of 

a metal, which is defined as  






k4
              7-3 

where λ is the wavelength of a light and k is the imaginary part of the 

refractive index of a metal at the same wavelength. 

At 532nm, the refractive index n = 0.467 and k = 2.41 for Au.  

Then,  = 4π*2.41/532 = 0.0569 [1/nm] 

The optical skin depth is defined as the distance δ through which the intensity 

of a light decreases by a factor 1/e (~36.8%) and can be calculated as:  

 = 1/ = 18nm 

Therefore, the assumption of surface heat generation is justified by the fact 

that the optical skin depth of Au is 18nm at 532nm, which is much less than the 

thickness of Au layer, 500nm in the current study. 

For frequency-domain heating source Q(s), a Gaussian function was used 
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since the pulse shape of the YAG laser shows a Gaussian profile as shown in Figure 5-3. 

The Gaussian profile in time-domain and frequency-domain are given respectively 

[65]: 
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where  is the time mean value of the peak for a pulse, variance  is the 

statistic distribution and is related to the FWHM with FWHM = 2(2ln2). The 

FWHM and  were measured from the actual pulse shape of the Nd:YAG laser as 

shown in Figure 5-3. 

 

 

Figure 7-1 Schematic of a layer structure for 2-layer model and its 

transmission line diagram. Current source, Q(s) corresponds to a heating pulse which 

hits a sample’s surface. Load impedance, ZL corresponds to a thermal impedance of 

the bottom of a sample after [62]. 
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If we treat a film as a thermal resistance between Au cap layer and Si substrate 

as shown in Figure 7-1, the input impedance Zin(-d1-d2) is given by Equation 6-24.
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Since Q(s) and Zin(-d) are given, the temperature at the surface T(s,-d) can be 

obtained from Equation 7-1. Since T(s,-d) is a frequency-domain solution, it needs to 

be inversely Laplace transformed into a time-domain solution since the experimental 

data are in the time-domain form. This inverse Laplace transformation was performed 

using Stehfest numerical approximation [66] since there is no exact transformation 

equation for T(s,-d).  

The mathematical formula of the Stehfest approximation is given by [66] 





N

n

n

N

n

n
t

n
FC

t
sFC

t
tf

11

)
2ln

(
2ln

)(
2ln

)(      7-6 

F(s) is the Laplace transform of f(t).  

The coefficient Cn is given by [66] 









)2/,min(

2/)1(

2/
2/

)!2()!()!1(!)!2/(

)!2(
)1(

Nn

nk

N
Nn

n
nkknkkkN

kk
C  7-7 

In order to verify the Stehfest method and its implemented algorithm in 

Matlab, the Gaussian profiles were compared between the exact solution in a 

time-domain and the converted form from a frequency-domain using the Stehfest 

method, which results are shown in Figure 7-2. The accuracy of the transformation 

depends on the N value. Larger N is more accurate, but the transformed result can 

diverge if N is too large. In all of computation in this study, N=22 were used. 
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(a) (b)  

(c) (d)  

Figure 7-2 Comparison between Gaussian profiles in a time-domain (blue line) 

and the converted profile from a frequency-domain using the Stehfest method (red 

circle) with different N values 

 

This transmission-line solution is basically same as the solution described 

elsewhere [62]. In addition, Kading et al. [67]’s experiment setup is similar to our 

setup. So we fitted their thermal decay curve with our model and got the same result. 

 

7.2 Experimental results  

The thermal decays of the SiNx films were obtained by performing the 

thermoreflectance measurement at different thicknesses of the SiNx films. Figure 7-3 

and Figure 7-4 show the experimental data for thermal decay profiles in the Au/SiNx/Si 
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substrate structure and the Au/CoFe/SiNx/Si substrate structure, respectively. For the 

both figures, the thermal decay slows with increasing SiNx thickness, indicating 

increasing thermal resistance.   

 

Figure 7-3 Measured transient thermoreflectance signals of Au/ SiNx/ Si 

substrate for different thickness of SiNx layer. The solid line is experimental data and 

the dash line is the fitting curve using the 2-layered thermal model. 

 

 

Figure 7-4 Measured transient thermoreflectance signals of Au/ CoFe/ SiNx / 

Si substrate for different thickness of SiNx layer. The solid line is experimental data 

and the dash line is the fitting curve using the 3-layered thermal model. 



 111 

 

The thermal resistance of each sample was obtained by fitting the 

experimental data to thermal models.  In order to extract the thermal properties of a 

thin film from its measured TTR response, analytical solutions were used. For 

modeling, one-dimensional heat transport and no lateral heat spreading were assumed. 

In order to confirm one-dimensional transport, the pump-probe spot size ratio of 10:1 

and a small thermal spreading distance were employed.    

The time-domain solution was fitted with the experimental data to extract the 

thermal properties of the film. The thermal resistance was the only free parameter of 

the fitting. For fitting, K = 148W/mK and Cv = 1.65×10
6
J/m

3
K were used as the 

values of the thermal conductivity and specific heat of the Si substrate, K = 

317W/mK and Cv = 2.49×10
6
J/m

3
K as the value of the thermal conductivity and 

specific heat of the Au film, and K = 90W/mK and Cv = 3.71×10
6
J/m

3
K as the value 

of the thermal conductivity and specific heat of the CoFe film.  There is no 

appropriate information for thermal properties of CoFe alloy. Thus, the thermal 

properties of CoFe were assumed between that of Co and that of Fe. The thickness 

dependence of the thermal conductivity of CoFe was not considered.  

The mean free path of CoFe can be roughly estimated using the following 

equation [2].  

CvlK
3

1


            7-8
 

 where C is the electron heat capacity, v is the Fermi velocity, and l is the mean 
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free path of an electron.  

If the values of C = 1.5×10
4
 J/m

3
K, v = 1×10

6
 m/s, K =100W/mK are 

substituted into Equation 7-8, the mean free path of CoFe is calculated to about 10nm 

[68]. Since the mean free path is much smaller than the thickness of the CoFe film, 

there will be no size effect for the thermal conductivity of CoFe.   

In the case of the Au/SiNx/Si substrate structure, the thermoreflectance signals 

were fitted using the 2-layered model, which is consisted of 2 layers, Au and Si, and a 

thermal resistance between them. The thermal resistance consists of the volume 

resistance of the SiNx layer, and the boundary resistances at the Au/SiNx interface and 

the SiNx/Si interface.  

In the case of Au/SiNx interface, the primary heat carriers are changed from 

electrons to phonons at the interface. Thus, electron scattering will occur at the 

interface and a significant thermal boundary resistance is expected. Meanwhile, in the 

case of SiNx/Si interface, the primary heat carriers are phonons. Also, the phonon 

density of crystalline Si will be much higher than that of amorphous SiNx. Therefore, 

the reflection of phonons at the interface will be negligible. Hence, the thermal 

boundary resistance at SiNx/Si interface was neglected. Only the boundary resistances 

at the Au/SiNx interface and the volume resistance of the SiNx layer were considered 

for the thermal resistance in this analysis. 

The thermal resistance was plotted as a function of the SiNx film thickness in 

Figure 7-5. A linear relationship between the thermal resistance and the SiNx layer 

thickness was observed. This linear relationship indicated that there was no thickness 
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dependence of the thermal conductivity of the SiNx films. The thickness-independent 

result of the thermal conductivity is agreed well with a literature [69]. The 

thickness-independent result indicated that the phonon mean free path is much smaller 

than the thickness of the SiNx layer. This indication is reasonable since the thickness 

ranges of 50nm ~ 200nm of the SiNx films are much larger than the phonon mean free 

path of amorphous SiNx, which is of the order of 1 nm at room temperature [35, 69].   

 

 

Figure 7-5 Plot of thermal resistance as a function of the thickness of SiNx 

layer for Au/ SiNx / Si substrate structure 

 

Since the thermal resistance was independent of the thickness, the thermal 

resistance data was then fitted as a linear curve using the least square fitting method.  

From the linear curve, the value of the thermal conductivities of the SiNx layers was 

deduced as the inverse of the slope. The deduced thermal conductivity of the SiNx 

film was 2.0 W/mK at room temperature. This value is quite consistent with the 
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previous reported value of 2.0 W/mK for amorphous SiNx films [69]. From the linear 

curve, we can get the information of not only the thermal conductivity but also the 

boundary resistance. When the linear curve is extrapolated to a zero, the intercept 

value corresponds to the boundary resistance. From the intercept in Figure 7-5, the 

boundary resistance was calculated as 0.8110
-8 

m
2
K/W for Au/SiNx.  

In the case of the Au/CoFe/SiNx/Si substrate structure, the 3-layered model 

was used for the fitting.  The model included Au, CoFe, and Si for the 3-layered 

components and two thermal resistances at the Au/CoFe interface and CoFe/SiNx 

interfaces. Since the Au and CoFe are metals, the main carriers for heat transport are 

electrons. Thus, the thermal boundary resistance between them will be much smaller 

than that of CoFe/SiNx [70] and was neglected in this analysis. 

 

Figure 7-6 Plot of thermal resistance as a function of the thickness of SiNx for 

Au/ CoFe/ SiNx / Si substrate structure 

 

As shown in Figure 7-6, the thermal resistance of Au/CoFe/SiNx/Si structure 
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also had a linear relationship with the thickness of the SiNx layer. From the slope of 

the linear fitting curve, the thermal resistivity of SiNx was measured to 2.0 W/mK.  

Even though the interfaces are different, the thermal conductivity of the SiNx layer for 

both structures remains the same. In addition, from the intercept value of the linear 

curve, the boundary resistance of CoFe/SiNx was measured to 0.5410
-8 

m
2
K/W.  

This value is in the same scale, but a bit smaller than that of Au/SiNx.  

 

7.3 Discussions 

To predict the thermal boundary resistance of interfaces, the acoustic 

mismatch model (AMM) and the diffuse mismatch model (DMM) have been 

conventionally used. The AMM assumes perfect interface and elastic scattering at an 

interface. Meanwhile, the DMM assumes diffusive scattering at an interface [71].  In 

the DMM, the probability of transmission depends on the ratio of the density of 

phonon states on both sides of the interface. This diffusive scattering of the DMM is 

more related to a rough interface or elevated temperature.  

In order to calculate thermal boundary resistance at room temperature, a 

detailed knowledge of the phonon dispersion relationship over the entire Brillouin 

zone is required [72]. Simplified Debye approximation can be applied only below 

30K [55]. Even though it is important to understand the underlying physics by 

comparing the experimental results with these predictions, this is beyond the scope of 

this study.   

The thermal boundary resistances of various metal-dielectrics are reported in 
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literatures with the range from 0.1 to 110
-8 

m
2
K/W at room temperature [70, 71, 73, 

74]. The thermal boundary resistance values of 0.8110
-8 

m
2
K/W for Au/SiNx and 

0.5410
-8 

m
2
K/W for CoFe/SiNx for the current study are located within the literature 

range.   

Within the knowledge of the authors, there is no literature for the thermal 

boundary resistance between Au and SiNx. Instead we compared the thermal boundary 

resistance between Au and the other dielectrics. In the case of the interface between 

Au and SiO2, 0.810
-8 

m
2
K/W was reported for good contact and 4.310

-8 
m

2
K/W for 

incomplete contact [67]. Another experiment showed the thermal boundary resistance 

as 1.810
-8 

m
2
K/W, but this result did not match with their prediction using the DMM 

[57].  In the case of the interface between Au and alumina(Al2O3) substrate, 1.110
-8 

m
2
K/W was reported [75].  

 

 

Figure 7-7 Cross-sectional TEM image of Au/ SiNx interface 
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Our measured thermal boundary resistance value of 0.8110
-8 

m
2
K/W for 

Au/SiNx is very close to the value of Au/SiO2 for good contact. The cross-sectional 

TEM image of the Au/SiNx interface in Figure 7-7 confirmed that the interface has 

good contact.  

In the case of CoFe, there is no literature for the thermal boundary resistance 

for CoFe even though CoFe is one of common materials for magnetic recording. 

Since CoFe is a transition metal alloy, we compared it with Cr, another transition 

metal. The thermal boundary resistance of Cr has the range from 0.44 to 0.5310
-8 

m
2
K/W with AlN, Al2O3, GaN, and Si [54]. Our measured value of the thermal 

boundary resistance of 0.5410
-8 

m
2
K/W for CoFe/SiNx is also agreed well with the 

literature values. Therefore, the difference of the thermal boundary resistances 

between Au/SiNx and CoFe/SiNx will be caused by the different phonon dispersion of 

Au and CoFe [72].  

Another reason for the different value of the thermal boundary resistance 

might be different interface roughness [55, 72, 76-78].
 
 The effect of roughness on 

the thermal boundary resistance has been extensively studied. The influence of 

roughness to the thermal resistance is positive. The roughness usually increases the 

resistance [78]. However, quantitative analysis of the relation between the roughness 

and the resistance is very complicated. We need to find an appropriate method to 

quantify interface roughness between films. When the characteristic dimension of the 

roughness is comparable to the wavelength of phonons, phonons scatter most strongly 
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[55]. Hence, phonon scattering factor, p can be introduced as a function of the ratio of 

the roughness  to the wavelength  [79]. The value of p represents elastic or 

diffusive scattering at the interface. Using p, the influence of roughness on the mean 

free path and thermal conductivity can be quantized.    

The interface roughness of Au/SiNx and CoFe/SiNx were examined using cross 

sectional TEM images. The cross-sectional image of Au/SiNx interface is already 

shown in Figure 7-7. Figure 7-8 shows the cross-sectional image of CoFe/SiNx interface. 

The both interfaces show similar roughness. It is hardly quantify the roughness 

difference between the two interfaces.  

 

 

Figure 7-8 Cross-sectional TEM image of CoFe/SiNx interface  

 

7.4 Summary 

The thermal conductivity of SiNx dielectric layer and the thermal boundary 
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resistance of Au/SiNx and CoFe/SiNx were measured using the transient 

thermoreflectance technique. We built an optical pump-probe measurement system 

using a nanosecond pulse laser and a continuous-wave probe laser. The thermal 

analysis of the experimental data was performed by fitting them with the analytical 

solutions which are based on the transmission-line theory.  

The results of the thermal conductivity and thermal boundary resistance are 

consistent with the literature values. In addition, the thermal boundary resistance at 

the metal/SiNx interface was found to be important for the heat transport.  The 

thermal conductivity of SiNx does not depend on the thickness in the thickness range 

of 50 ~ 200nm. The thermal boundary resistance at metal/SiNx interfaces will impact 

overall thermal conduction in electronic devices when the thickness of SiNx thin films 

is reduced.  For example, apparent thermal conductivity of SiNx film becomes half 

of the intrinsic thermal conductivity when the thickness decreases to 16nm. Therefore, 

it is advised that the thermal boundary resistance between metal and dielectrics should 

be counted in nano-scale electronic devices.  

The thermal boundary resistance of Au/SiNx and CoFe/SiNx is different. The 

difference could be come from the different phonon dispersion of Au and CoFe.  
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8 Size effect of Cu films 

The thickness of each layer in the spin-valve structured multilayer in the 

current study is a few nanometers. Meanwhile electron mean free path for each metal 

layer of the spin-valve is usually 10 times larger than the thickness of each layer. 

Hence, the electric conduction is under the size effect. In this chapter, the size effect is 

reviewed and the preliminary results for Cu films are presented.  

 

8.1 Introduction 

Electric conduction phenomena in metals have been widely studied in the case 

of metals’ physical dimension is comparable to the electron mean free path. As the 

physical dimension decreases of the order of the mean free path of electrons, the 

electric resistivity rapidly increases. This classical size effect [80] could be crucial in 

the evolution of micro- or nano-electronics since the dimension of the Cu 

interconnected lines approach of the same order of the electron mean free path.  

The classical size effect of electric resistivity was observed in copper films at 

room temperature. In order to analyze the experimental data, electric resistivity 

models were carefully reviewed. Electron mean free path, surface and grain-boundary 

scattering effect of copper films were interpreted through appropriate models and 

compared with some published data. 
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8.2 Overview of size effect 

The mean free path or the size effects in the electric transport properties of 

thin metal films have been studied extensively.  The size effect was first analyzed by 

Thomson by using a mean free path and film thickness [80].  This model has been 

modified and extended by others, including Fuchs [81] and Sondheimer [82].  The 

Fuchs-Sondheimer (F-S) model [81, 82] added the distribution functions of the 

conduction electrons and the character of the scattering at the film surface. The 

scattering can be diffuse or elastic (specular) with a probability of 1-p, where p is the 

specular scattering coefficient. However, the F-S model ignores the grain-boundary 

scattering effect. 

The effect of grain-boundary on the resistivity of metals may be little if the 

grain size is much larger than the mean free path. However, in the case of 

polycrystalline thin films, the grain size usually scales with the film thickness. 

Therefore, in a certain thickness range, the distance between grain boundaries 

becomes smaller than the mean free path and the grain-boundary scattering cannot be 

ignored. The contribution of grain-boundary scattering to the resistivity was included 

in the model proposed by Mayadas and Shatzkes [83]. This Mayadas-Shatzkes (M-S) 

model [83] treated a grain-boundary as an internal surface with grain boundary 

reflection coefficient R. Here the grain boundary is assumed to lie perpendicular to 

the film plane. Since the grain-boundary scattering term is added to the M-S model, 

the resistivity will increase more rapidly with decreasing thickness than what would 

be predicted from the F-S model.  
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8.3 Experimental procedure 

The mean free path can be determined by an analysis of the 

thickness-dependent resistivity. In order to observe the size effect, copper films of 

thickness ranging from 10 to 500nm were prepared by DC sputtering a high purity 

(99.999%) copper target onto a glass substrate at room temperature. The films were 

prepared using sputtering facilities in a cleanroom at Western Digital by Dr. 

Kageeporn Wongpreedee. The base pressure of the chamber was less than 410
-5

 Pa. 

Subsequently, 2nm thick carbon film was deposited on the top of the copper film to 

protect the copper film from oxidation.  

 

(a) (b)  

Figure 8-1 (a) Four-point measurement setup for wafer resistivity and (b) its 

four-point probe  

 

The electric resistivity of the copper films was measured using four point 

probe configuration and DC current input at Carnegie Mellon University.  Figure 8-1 
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shows the photo of the four-point measurement of wafer resistivity with the probe, 

which was made by Jandel [84]. 10mA as input current was applied to samples to 

avoid power dissipation. At least 4 different positions of samples were measured. 

For the measurement of wafer resistivity, sheet resistance (ohm/square) was 

measured using the following equation [85]. 

I

V

d
Rs

2ln


            8-1 

where  is the resistivity and d is thickness of a film. V is an output voltage 

and I is an applied current. 

 

8.4 Results and discussions 

 

Figure 8-2 Plot of electric resistivity as a function of the thickness of the 

copper films at room temperature 

 

Figure 8-2 shows the electric resistivity as a function of the copper films at 
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room temperature. The electric resistivity increases as the thickness decreases. This 

thickness-dependent electric conduction is commonly called the size effect of metals.  

In order to interpret the size effect, the F-S model was employed here. The F-S 

model can be expressed as following equation [81, 82]. 
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where f is the apparent resistivity of a film and i is the intrinsic resistivity.  

The variable k is d\i and d is the thickness and i is the intrinsic mean free path of a 

film. Intrinsic means here as infinitely thick thus thickness-independent. The variable 

x is 1/cos. p is the specularity parameter, representing the fraction of electrons 

specularly reflected at the film surface (0  p  1). p=1 indicates specular (elastic) 

scattering at the surface of films and no size effect for resistivity. p=0 indicates 

completely diffuse scattering of electrons at the surface of films [86-88].  

If the thickness of a film is much larger than the intrinsic mean free path (k >> 

1), Equation 8-2 can be simplified as follows [89, 90]. 
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
       8-3 

For the analysis of the experimental data, Equation 8-3 is multiplied by d to 

get the following expression. 

])1(
8

3
[ iif pdd            8-4 

From Equation 8-4, plotting of (fd, d) gives us the information of i and i. 

The slope of the straight line represents the intrinsic resistivity i and the intercept of 
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the y-axis represents 
d

p i)1(
8

3
 . Figure 8-3 shows the plot of the (fd, d) for the 

experimental data of the copper films in the current study.  

     

  

Figure 8-3 Plot of fd as a function of the thickness d for Cu films at room 

temperature 

 

From the slope, the intrinsic resistivity is obtained to 1.87510
-8

ohmm for 

these films. According to Matthiessen’s rule [91], many kinds of electron-scattering 

processes will contribute to the resistivity and be additive. Therefore the film 

resistivity can be expressed as  

 extraLi             8-5 

L is the resistivity due to electron-phonon (lattice) scattering. extra is an extra 

resistivity due to scattering from impurities, defects, or grain boundaries.  

The L resistivity of a copper is reported as 1.7010
-8

ohmm at room 

temperature [2], which considers only the contribution of electron-phonon scattering 
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and excludes impurities contribution.  If the value of L is applied to Equation 8-5, 

the resistivity contributed from the others is 0.17510
-8

ohmm, which is 

approximately 9% of the total resistivity. This 9% does not contribute to the size 

effect of the resistivity. 

From the intercept of the y-axis, the intrinsic mean free path i can be obtained 

with the assumption of completely diffused scattering (p=0).  
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Since the values of the intrinsic resistivity and intrinsic mean free path were 

obtained, the experimental data were fitted using the F-S model with p=0 in Figure 8-4. 

In Figure 8-4, the thickness-dependent resistivity of the Cu film was plotted by using 

the Full version of the F-S model expressed in Equation 8-2. The simplified version of 

the F-S model in Equation 8-3 may not be appropriate since the thickness range of the 

films for the current study is comparable to the intrinsic mean free path.  

Figure 8-4 shows that the fitting curve matches well with the experimental data. 

The F-S model predicted that the resistivity would increase when the thickness of the 

films decreases. However, it is worthwhile to point out that the experimental data in 

Figure 8-3 start departure from the fitted straight line when the thickness is less than 

50nm. Equation 8-4 and the straight line are only valid when the thickness of films is 

larger than the mean free path. Therefore, the departure from the straight line might 

indicate the mean free path. In addition, the mean free path of copper films was 

reported as 45.0nm [92] or 39nm [93]. 
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Figure 8-4 Fitting the thickness dependent resistivity of Cu films using the F-S 

model with p=0 

 

In order to verify the mean free path, we calculated the intrinsic mean free 

path using another way. According to the free-electron-gas theory of 

Drude-Sommerfeld [2, 94], the intrinsic mean free path and the intrinsic electric 

resistivity are not independent. The product of the intrinsic mean free path and the 

intrinsic electric resistivity can be expressed as follows.   
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 where h is Planck’s constant, e is the electronic charge, n is electron 

concentration.  

Since the electron concentration of copper at room temperature is 

8.45×10
28

/m
3 

[2], ii of copper is calculated as 6.6002×10
18

Ωm
2
 at room 

temperature. 
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If we use the intrinsic resistivity i =1.87510
-8

ohmm which is obtained from 

Figure 8-3, the mean free path is calculated as 35.2nm. Even we use the lattice 

resistivity L=1.7010
-8

ohmm, the mean free path is calculated as 38.8nm. The 

obtained mean free path is almost two times larger than the calculated value using the 

intercept. Meanwhile the 39nm is a commonly used value for the mean free path of 

copper. 

If 35 ~ 39nm is used as the mean free path value, the prediction of the F-S 

model is considerably departure from the experimental data. The failure of the F-S 

model was reported elsewhere [93, 95]. The reason for the failure could be that the 

F-S model does not include the grain-boundary scattering as mentioned in the 

previous section.  

The resistivity due to the grain-boundary scattering gb can be expressed [83]: 
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
  and R is the reflection coefficient related to the 

reflection from a grain boundary.  

Grain-boundary scattering term is included in the M-S model, which is 

expressed as [83]: 
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Here,  
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Mayadas and Shatzkes [83] formulated the analytical expression for the 

grain-boundary resistivity and applied it to the Boltzmann equation. The resultant 

expression is the sum of grain-boundary resistivity and the resistivity from the F-S 

model. It is worthwhile to point out that Equation 8-9 is not simple addition of the two 

resistivities. Actually, the grain-boundary resistivity cannot be simply added to the 

lattice resistivity. Since the film thickness and the grain size is interrelate and 

dependent, Matthiessen’s rule [91] cannot be hold here. Simply adding Equation 8-9 

into equation 8-2 or 8-3 is not appropriate, which often mistaken in many papers.  

To conclude, there is much uncertainty about the mean free path of copper 

films even though large amount of published papers. For the current study, we 

observed thickness-dependent electric resistivity change for copper films. The mean 

free path of copper film in the current study was calculated to 35nm. The 

experimental data was interpreted using the F-S model. However, for appropriate 

interpretation, the effect of grain-boundary scattering should be included using the 

M-S model, but it is out of scope for the current study.   
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9 Conclusions and future work 

The present work has considered the possibility of spin-dependent heat 

transport in a magnetic nanostructure. Specifically, Co/Cu/Co multilayered spin-valve 

structure has been studied. In this investigation, both thermal conductivity change and 

electric resistance change as a function of magnetic field were studied at the same 

time. In order to measure the thermal conductivity of thin films, a three-omega 

method was employed. For this method, a thermally isolated rod in microscale was 

fabricated and was wire-bonded. In addition, other thermal conductivity measurement 

methods such as a steady-state joule heating method and a transient thermoreflectance 

method were examined. The variations in the thermal conductivity and electric 

resistance were measured by sweeping a magnetic field from a positive maximum 

strength to a negative maximum strength.  Issues of correlation between 

spin-dependent thermal conduction and electric conduction were examined. The key 

scientific and engineering implications will be discussed and summarized below, 

followed by future works. 

 

9.1 Conclusions 

The first study in this thesis was to develop a reliable technique to measure the 

change in the thermal conductivity with different magnetic configurations of 

multilayered thin films. Different techniques were explored including a three-omega 

technique, a transient thermoreflectance (TTR) technique, and a steady-state joule 
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heating technique. The TTR technique in this study gave the information of the 

thermal conductivity of thin films, but the measurement resolution is not good enough 

to detect the change in the thermal conductivity with different magnetic configuration. 

In the case of the steady-state joule heating technique, there are some practical and 

fundamental issues for measuring the change in the thermal conductivity with 

different magnetic configuration. The practical and fundamental issues were discussed 

in detail in Chapter 4. For the case of the three-omega technique, there is no practical 

and fundamental problem.  The technique uses electric resistance change due to 

joule heating as the steady-state joule heating method does. However, the three-omega 

technique is a transient method, which detects a frequency component of the 

resistance change. Therefore, the three-omega technique has much higher sensitivity 

than that of the steady-state method and the TTR method, and provides the most 

reliable data. Another benefit of the three-omega method is to able to measure electric 

conduction at the same time. 

Another study in this thesis was to develop a spin-valve structure, which has a 

high MR ratio and a low saturation field. The Co/Cu/Co multilayered structure was 

investigated for this purpose. Different layered structures with different materials 

were explored including Co/Cu/NiFe, Co/Cu/[Co/NiFe/Co], Co/Cu/CoFe, CoFe/Cu, 

Co/Cu, and Co/Ru. Some of them were patterned to a four-point probe structure, and 

some of them were not patterned. All of the above layered structures gave MR curves 

and some MR ratios, but the Co/Cu structure gave the highest MR ratio.  

For the Co/Cu structure, the thickness of the Cu layer was a critical factor to 
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affect the MR ratio and the saturation field. The effect of the thickness of Cu layer 

was examined intensively. 21Å thick Cu layer gave the highest MR ratio but had a 

leakage problem with a 27nm thick oxide coated Si substrate. On the 27nm thick 

oxide coated Si substrate, 34Å thick Cu layer gave the best result.  

The low saturation field for the Co/Cu structure was achieved by using 

different coercivity of the two ferromagnetic layers. In this study, the second Co layer 

was two times thicker than that of the first one. The thick Co layer has larger magnetic 

moment and coercivity than the thin one.    

As pointed out earlier, the sample should be a thermally isolated rod for the 

three-omega technique. A four-point probe bridge structure was patterned by using an 

optical lithography process. Then, Au films were deposited on pad regions using a 

lift-off process. Next, two trenches were made at the side of the bridge regions. Then, 

Si substrate under the bridge regions was undercut by XeF2 etching. After removing 

the remaining photoresist, the Au pads were wire-bonded for electric contact. The 

release of the bridge was physically examined by optical microscopy and SEM.  

The spin-valve sample was fabricated as a form of a thermally isolated bridge 

with a Co/Cu/Co multilayer. The 3 voltage signal of the sample was measured with 

gradually changing a magnetic field from 650 Oe to -650 Oe and vice versa. The 

frequency dependency of the measurement was conducted at a wide range of 

frequency. 

From the experimental data, the information of the thermal conductivity was 

obtained by performing thermal analysis. For the thermal analysis, the closed form of 
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the analytical solution, which was developed by the Lu et al. [47] and Dames et al. 

[48], was employed. This solution shows the relation between 3 voltage and applied 

current, and the frequency dependence of the 3 voltage. These relations were used to 

verify the reliability of the measured 3 voltage signals in this study. Using the 

frequency dependence, the fundamental issue from DC joule heating was solved.  

Finally, we observed significant change in the thermal conductivity depending 

on the magnetic configuration. The relative ratio of the magneto thermal conductivity 

was 50%, which is much higher than 8.0% of the magnetoresistance. The observed 

thermal conductivity change is closely correlated with that of the electric conductivity 

in terms of the magnetic configurations, but the thermal conductivity is much more 

sensitive than that of the electric conductivity. This suggests that the scattering 

mechanism is different for heat or charge transport [9, 39]. Also the results show that 

the Lorentz number is spin-dependent.   

In addition to the spin-dependent heat transport, this thesis focused on heat 

transport of thin films in cross-sectional direction. In nanoscale multilayered 

structures, thermal boundary resistance could dominate the overall heat transport 

rather than the thermal properties of each individual layer. This study investigates the 

thermal boundary resistance between metals and dielectrics, particularly at the 

Au/SiNx and CoFe/SiNx interface using a TTR technique.  

The merit of the TTR method is that a sample is not required of a patterning 

process, which needs a lot of effort for fabricating process. We built an optical 

pump-probe measurement system based on the TTR technique. Energy or heat was 
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pumped to a sample for a very short time by a pump laser and the resulting transient 

thermal response of the sample was monitored by a probe laser. A number of TTR 

systems can exist depending on the pulse width or modulation frequency of the pump 

laser and the scheme of probing. In this study, a nanosecond pulse laser was used as 

the pump beam and the resulting transient thermal response was monitored by 

detecting a time-resolved thermoreflectance signal using a continuous-wave laser and 

an oscilloscope.  

One of the first tasks for the thermal boundary resistance study was to build 

the pump-probe measurement system. The two laser beams should be overlapped on 

the surface of a sample in order to produce a thermoreflectance signal. In order to 

detect the transient thermal response, the reflected probe beam ought to be guided to a 

photodetector without blocking any optical path. The overlapping of the two beams 

was possible by using two dichroic mirrors or two semitransparent mirrors. The 

guiding of the reflected beam was feasible by using a polarizing beam splitter and a 

quarter wave plate with high efficiency.  

In order to extract thermal properties from the transient thermal response, a 

thermal analysis is required. For the thermal analysis and its modeling, 

one-dimensional heat flow in cross-sectional direction is assumed. Generated heat 

from the pump beam can be transported not only in a cross-plane direction but also in 

an in-plane direction. If only the cross-plane directional heat flow is considered for 

the thermal analysis, analyzed thermal properties would be different from the true 

values.  The radial heat spreading will make thermal decay curve faster and thermal 
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resistance lower than the true values.  In order to minimize the radial heat spreading 

effect, the ratio of the spot size of the pump beam and probe beam should be 

considered. In this study, the ratio of the pump-probe spot size was 10:1 by expanding 

the pump spot size. This reduces significantly the radial heating effect [60].   

For the thermal modeling, a transmission-line concept was employed. In the 

transmission-line concept, voltages on the wire are not treated as the same over all 

locations. In addition, the transmission-line concepts consider the phase and reflection 

of the voltage signals. Since there is an analogy between heat and electric conduction, 

the transmission-line concept can be applied to heat conduction. Using the concept, 

analytical solutions of a two-layered structure and a three-layered structure with 

thermal resistances were derived in a frequency-domain. Then, the frequency-domain 

solution was transformed to a time-domain solution by performing an inverse Laplace 

transformation using Stehfest numerical approximation [66]. Using the thermal 

models, experimental data were fitted to obtain the thermal conductivity of a film and 

the thermal boundary resistance at an interface.  

Time-resolved thermoreflectance signals from Au/SiNx and CoFe/SiNx were 

measured using the pump-probe system. By fitting the experimental data with the 

thermal models, the thermal conductivity of SiNx dielectric layer and the thermal 

boundary resistance of Au/SiNx and CoFe/SiNx were obtained. The thermal 

conductivity of SiNx films was measured to 2.0 W/mK for both structures. In the case 

of the thermal boundary resistance, it was 0.8110
-8

 m
2
K/W at the Au/SiNx interface 

and 0.5410
-8

 m
2
K/W at the CoFe/SiNx interface, respectively. The measured values 
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of the thermal conductivity and thermal boundary resistance are consistent with the 

literature values.  

As pointed out earlier, the thermal boundary resistance at the metal/SiNx 

interface would be critical when heat is transport in thin film structures. The thermal 

conductivity of SiNx does not depend on the thickness in the thickness range of 50 ~ 

200nm. However, the thermal boundary resistance at metal/SiNx interfaces will 

impact overall thermal conduction when the thickness of SiNx thin films is in a 

nanometer order. For example, apparent thermal conductivity of SiNx film becomes 

half of the intrinsic thermal conductivity when the thickness decreases to 16nm. 

Therefore, it is advised that the thermal boundary resistance between metal and 

dielectrics should be counted in nano-scale electronic devices.  

The thermal boundary resistance at Au/SiNx and CoFe/SiNx was different. In 

order to understand the origin of the difference, literature survey and cross-sectional 

TEM analysis were conducted. The difference could be come from the different 

phonon dispersion of Au and CoFe.  

 

9.2 Future works 

Using the three-omega system, we observed spin-dependent heat transport. 

The ratio of the thermal conductivity is much higher than the ratio of electric 

resistivity.  This result indicates that the Lorentz number in Weidemann-Franz law is 

also spin-dependent. However, this experiment was performed at room temperature. 

Since the electric resistivity and the Lorentz number are temperature dependent [4, 
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43-45], the spin-dependent heat transport will be temperature dependent. At low 

temperature, the GMR effect increases due to limiting spin intermixing [46]. 

Therefore, GMTR effect is also expected to be increased.  

In order to use the three-omega method, a sample is required to be fabricated 

as a form of a thermally isolated rod. In addition, the measured electric and thermal 

conduction is in an in-plane direction. A current-in-plane (CIP) geometry spin-valve 

was already substituted by a current-perpendicular-to-the-plane (CPP) geometry 

spin-valve [96, 97]. Also the non-magnetic metal space layer was substituted by an 

oxide layer such as MgOx, AlOx, and TiOx, which is called a magnetic tunnel junction 

(MTJ) [98]. Magnetoresistance using the MTJ is called tunneling magnetoresistance 

(TMR) effect. Therefore spin-dependent heat transport at a CPP geometry TMR 

structure is demanded for wide applications.  

For the cross-sectional conduction in the TMR, the pump-probe system has 

more benefit. However, the nanosecond pump laser with a time-resolved probing 

thermometry has a limitation for the resolution and sensitivity. In order to improve the 

resolution and sensitivity, a modulated femtosecond laser pumping with a delay 

system [99, 100] can be one solution. Here we present the possible schematic for the 

pump-probe system with a femtosecond laser and a delay line in Figure 9-1. A 100fs 

pulse laser with 800nm wavelength is shined on a sample surface to generate heat. 

The transient thermal response will be detected by using a pulse laser with 400nm 

wavelength. Using a delay line, the probing time is controlled. By using the 

modulation of the laser with a lock-in amplifier, the sensitivity can be improved a lot. 
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The other benefits of this system are that no gold cap layer or no patterning is needed.  

 

 

Figure 9-1 Schematic for an optical pump-probe system using a femtosecond 

laser and a delay line  

 

Thermal properties of a thin film can be anisotropic. Hence, the thermal 

characterization in a film plane direction is also needed since the thermal conductivity 

can be different with directions. The value of the thermal conductivity in a lateral 

direction would be essential to control heat flow for heat/energy assisted magnetic 

recording.  

Figure 9-2 descries lateral thermal characterization using two laser beams. If the 

position of heating pulse laser and probe laser were separated and precisely controlled, 

the transient temperature change due to lateral heat transfer can be measured. The 

sample structure is a metal film on a glass substrate. In this case, the lateral heat 

conduction should be much faster than the vertical heat conduction through a glass 

substrate. This might be possible since the thermal diffusivity of a glass is one or two 
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order smaller than that of a metal.  

 

 

Figure 9-2 Schematic drawing for lateral thermal characterization using two 

laser beams 

 

However, there are practical problems for this setup. The signal to noise ratio 

of the probe laser will be very small since the heat will propagate all direction. 

Another problem is that it is not easy to control the exact position of the two laser 

spots.  

In order to solve the above problems, a converging wave configuration can be 

suggested [101]. The converging wave configuration using an axicon lens is showed 

in Figure 9-3. Axicon is a rotationally symmetric prism and a lens composed of a flat 

surface and a conical surface.   
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Figure 9-3 Schematic drawing for converging wave configuration using an 

axicon 

 

Thermal conductivity of a thin film can be measured in lateral direction using 

the converging wave configuration.  Using an axicon, a pump laser beam can be 

formed as a ring shape. The transient temperature change of the center of the ring can 

be measured using a probe laser beam. In order to improve the signal to noise ratio, 

the modulation of a pump laser and a lock-in amplifier can be used. The advantage of 

this configuration compared with a conventional lateral thermal measurement is to 

enhance the signal intensity by the factor of 2R. Here R is the radius of the ring of 

the pump laser. 

Figure 9-4 shows a ring pattern by using an axicon and an objective lens. Figure 

9-4(a) is a ring itself for a pulse green laser on a sample surface and Figure 9-4(b) is a 

probe red laser at the center of the ring. The axicon lens is made using a UV grade 

Fused Silica with BBAR coating by Del Mar Photonics.  
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(a)  

(b)  

Figure 9-4 Photos of (a) the ring pattern of a green pulse laser (b) a red probe 

beam at the center of the ring 
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