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Abstract 

This dissertation discusses the application of nanowire (NW) technology applied in 

millimeter wave and sub-millimeter wave frequency bands. Both magnetic nanowires 

(MNWs) and copper (Cu) NWs are studied. MNW is proposed for use as bio-labels in 

nanomedicine application and as magnetic substrate in non-reciprocal design for 

communication application.  To do that, the ferromagnetic resonance (FMR) technique is 

adopted for MNWs characterization. Cu NW is investigated for use as vertical interconnect 

in integrated circuit (IC) for wireless communication applications. A coplanar waveguide 

(CPW) with NW Cu vias design was proposed and studied. 

The theory and simulation model of MNWs and Cu NWs are first discussed to 

provide preliminary understanding of the FMR of MNWs and concepts of Cu NW-based 

vias (chapter 2).  Then the MNWs are fully characterized in the DC field domain. The FMR 

characterization system and methods are developed. The factors that influence the FMR 

characterization are studied. A tri-labeling system is built based on nickel (Ni), cobalt (Co) 

and iron (Fe) MNWs. The MNWs in a bio-mimicking and biological media are 

characterized (chapter 3). Next, to use MNWs in non-reciprocal devices, three key 

parameters are defined, FMR frequencies, permeability, and linewidth. A complete 

characterization method is developed to acquire these three parameters accurately (chapter 

4). Lastly, the Cu NWs vias in a CPW structure are designed, fabricated, and measured in 

three frequency bands 0.04-40 GHz, 0.01- 67 GHz and 0.01-110 GHz. The NW via loss is 
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extracted and compared to other advanced via technologies. A comparison of NW and 

conventional via is also presented. (chapter 5).  

The outcome of different study investigated in this work show the promising 

potential of NWs as a favorable material for future biomedical and communication 

applications. 
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Chapter 1 Introduction 

1.1 Background and motivation 

Future millimeter wave and sub-millimeter wave communication systems are essential 

for internet of things (IOT) devices, autonomous vehicles, and low-power Cube-satellites. 

The requirements for further miniaturization and performance enhancement, however, are 

still very challenging to meet. Nanostructure-based low loss three dimensional integrated 

circuits (3DIC) can be a game changer in these areas due to their small size, low loss and 

high integration. In addition, there is a need in the field of emerging nanomedicine to 

provide precise detection of pathological changes and targeted therapy, which can be 

addressed by using the AC properties of magnetic nanostructures to create bio-labels. Both 

areas demand effective design and measurement technique for nanoscale components in 

micrometer-scale devices. This work focuses on developing accurate and sensitive 

methods to characterize nanowires (NWs) for cell labeling in nanomedicine and component 

circuitry in 5G communication. 

1.2 Use of NWs for biolabeling application 

Bio-labels are usually defined as micro- or nano-scale components that can be 

integrated into a biological environment [1]. For example, typical biosensor technology for 

cancer tracking uses optical or electrochemical methods based on particles such as 

fluorescence molecules [2]-[3] or quantum dots [4]-[5]. This technology shows success for 

detecting cancer cells with high sensitivity using a small amount of analyte such as serum 

or blood. However, these particles have poor mobility within the fluid environment, and 

they are limited to single biomarker detection.  
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To address these limitations, magnetic nanoparticles, and magnetic nanowires 

(MNWs), which can be easily moved by external magnet, are considered promising for 

next generation bio-labels. They have been extensively studied for biological applications 

ranging from drug delivery [6], hyperthermia treatment [7] and contrast agent for magnetic 

resonance imaging (MRI) [8]. Recently, they have also been reported to show potential to 

be used for multiple bio-labels detection [9].  

Compared to nanoparticles, which typically have a wide size distribution due to 

fabrication limitations [10], MNWs, grown in substrates with nanometer diameter pores, 

have several new advantages that make them better biological application candidates 

especially bio-labels. First, the well-defined pores in the substrate template make the size 

of MNWs more controllable. Second, MNWs possess large surface area for coating and 

bio-functionalization due to their suppressed tendency of aggregation. An Au coating on 

cobalt (Co) and nickel (Ni) NWs has shown the benefit of mitigating the oxidization of 

these metallic nano labels [11], whereas a polyethylene glycol (PEG) coating on NWs 

reduces the metal toxicity [12]. Third, the high aspect ratio, easily achievable by MNW, is 

defined as the length to diameter ratio and offers good ferromagnetic resonance (FMR) 

properties that could be very useful for tracking NWs.  

FMR measurement is an important technique that has been prevalently used for 

characterizing the dynamic response of magnetic material. FMR is defined as the natural 

precession of magnetization in magnetic material when the material is exposed to a specific 

combination of DC and AC magnetic fields.  



3 

 

The high aspect ratio MNWs in low DC field possess FMR absorption at microwave 

frequencies that can be easily tuned. These features make MNWs great candidates for 

nano-labels to tag cells.  

In this work, MNWs will be studied for use as bio-labels using the FMR measurement 

technique to achieve detection and identification. A scanning electron microscope (SEM) 

image of MNWs inside cells is shown in Fig 1.1. 

 

Fig 1.1. MNWs internalized in a cell [13] 

 

1.3 Use of NWs for communication application 

For communication operating in the microwave and submillimeter wave frequency 

range, nanostructures with magnetic and non-magnetic properties are prime candidates for 

circuit and sensor technology to provide low loss and high circuit performance. 

1.3.1 Communication device application  

 

Conventional non-reciprocal device designs use magnetic substrate to provide signal 

transmission and isolation in the same signal path. Typical magnetic substrate is magnetic 

thin films, which have been widely studied for communication device design. Ferrites with 
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garnet or spinel structure needs an external permanent magnet to provide external magnetic 

field which greatly increases the device sizes [14]-[15]. One solution is to use M-type 

ferrite, which possess high crystalline anisotropy, to create self-biased non-reciprocal 

device [16]-[17]. It eliminates a need for an external magnet. Unfortunately, the insertion 

loss doesn’t show good results, which might be due to rough surface and defects created in 

the fabrication process.   

Alternatively, MNW is explored to be used as magnetic substrate that can achieve non-

reciprocity and has extremely smooth surface due to the substrate’s properties. Its long thin 

shape provides a large remnant state, which allows high magnetization to exist when 

external DC field is zero. Therefore, MNW substrates can eliminate the need for 

undesirable external magnets and reduce the device size. Using MNW substrate, the 

operating frequency can be easily tuned in the synthesis process. Also, MNWs grown in 

an anodized aluminum oxide (AAO) template provide high stability, compared to thin film, 

due to less exposure to the air. Examples of microwave devices fabricated with MNWs in 

AAO template for use in wireless communications are circulator [18] and phase shifter 

[19]. Recently, a circulator design fabricated on 100 µm thick MNWs in AAO showed 

promising results with -2.7 dB insertion loss, around -15 dB return loss and 12.4 dB non-

reciprocity at 5.9 GHz [20]. 

To use MNWs as magnetic substrate, the characterization process is needed. In this 

dissertation, the key design parameters for MNW substrate, such as FMR frequencies and 

permeability, will be extracted and discussed. 
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1.3.2 Interconnect for 3DIC application  

 

Three dimensional integrated circuits (3DIC) play an important role in future 

communication technology and chip technology. They require low surface area, low cost, 

and high signal-speed. To reduce the circuit size and cost, one solution is to create circuits 

based on small, cheap, and good quality via technology. 

 A via is defined as a vertical interconnect transition between circuits on different layers 

of chips. As silicon (Si) technology expands to higher frequency, the vias fabricated on 

high resistivity Si wafer [21]-[22] becomes popular for its low parasitic inductance and low 

dielectric loss. The vias in these works are thicker than 100 µm. For thinner substrate, such 

as 50 µm thick commercial AAO, copper (Cu) NWs are used as vertical vias. They show 

low loss in millimeter and submillimeter frequency bands. Cu NW vias fabricated in 

commercial AAO template have shown loss of 0.035 dB at 40 GHz [23] and 0.23 dB at 

110 GHz [24]. They are also used in passive circuit components such as substrate integrated 

waveguide [25] and inductors. A 2 turns inductor fabricated on the commercial AAO with 

Cu NW as interconnection has the Q of 16 at 4 GHz and the inductance of 0.5 nH [26]. 

These results demonstrate that the benefits of using AAO as a substrate. 

In this work, a novel integrated Cu NWs via technology, which is fabricated in the 

integrated AAO (iAAO) on Si wafer, is proposed. Due to nanometer-size, Cu NWs provide 

a high penetration to electromagnetic fields at high frequency which provide reduced 

conductor loss. When used in bundles, they can guarantee the uniformity and low parasitic 

inductance. The proposed structure gains the benefit of low loss Cu NWs and achieves a 

high integration by using iAAO on Si wafer.  
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1.4 Thesis overview 

Chapter 2 will discuss the theory and simulation model developed for magnetic and 

non-magnetic nanowires (NWs) study. For MNWs, the Kittel equation is used to predict 

the FMR frequencies. Two software, Object Oriented Micromagnetic Framework 

(OOMMF) [27] and NMAG Computational Micro magnetism (NMAG) [28], are used to 

obtain susceptibility, FMR frequencies, and linewidth for single and arrays of MNW. For 

circuit-level simulation, the Cu NW will be used as vias in a coplanar waveguide (CPW) 

line. The basic design and simulation method in a full wave electromagnetic modeling tool, 

HFSS, is discussed. 

In chapter 3, the FMR of MNWs grown in AAO template is discussed. They are 

characterized in DC field domain. The theory from chapter 2 will provide theoretical 

predications of FMR frequencies and will be compared to the experimental results. The 

factors that influence FMR characterization are studied, and the results will be used later 

when the FMR signal needs to be evaluated in an application.  Three types of MNW 

materials, Ni, Fe and Co, are considered for use in building a tri-labeling system. Finally, 

the FMR response of MNWs in polycarbonate, which provide bio-mimicking environment, 

and in biological samples is evaluated. 

In chapter 4, the FMR of MNWs are characterized in frequency domain to be used 

as magnetic substrate for microwave devices. Three key parameters are important to 

determine: FMR frequency, permeability, and linewidth. The extraction method from 

measurement data will be developed and discussed. 
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Chapter 5 investigates the use of Cu NWs as vertical integrated vias. The NW vias 

are fabricated and measured in three frequency bands, up to 40 GHz, up to 67 GHz and up 

to 110 GHz. The via loss is extracted and compared to other advanced technology in 

literature. A comparison of NW and conventional vias is also presented.  

Lastly, chapter 6 will provide a summary of this dissertation and propose ideas for 

future work. 
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Chapter 2 Theory for magnetic and Cu NWs 

2.1 Introduction 

Magnetic nanowires (MNWs) show great potential to be used as labels in biological 

applications due to their small size, which allows them to be taken into or attached to a 

cell, and their magnetic properties, which allow them to be detected and identified. Also, 

their high shape anisotropy along the wire axis provides FMR frequencies in microwave 

frequency band with zero external DC field, which provides advantages for use in non-

reciprocal device. Non-magnetic nanowires (NWs) on the other hand can be used in device 

to reduce the loss. As a result, theoretical study of single and array MNWs [9], [29] and 

NWs in general [23]-[24] has stimulated active research, recently.  

For biolabeling applications and non-reciprocal device design, the ferromagnetic 

resonance (FMR) of MNWs need to be studied. The Kittel equation predicts the FMR 

frequencies of single and arrays of MNWs, where for arrays, values of porosity, 

magnetization, and external magnetic field are needed. However, lacking in the Kittel 

equation are the effects on diameter and length. The linewidth, which influences the 

detection resolution, is also missing. Therefore, micromagnetic simulation tools like 

OOMMF and NMAG are used to study these properties and the dynamic response of single 

and arrays of MNWs, based on wire physical parameters.  

For communication applications, non-magnetic NWs such as copper (Cu) NWs can 

be used as a vertical interconnect. The large size differences between NWs in nanometers 

and transmission line geometry in microns, make it difficult to use a 3D electromagnetic 

simulation tools accurately and require long computation time. In [24], a lumped element 



9 

 

model of Cu NW interconnect was presented to model the NW vias while maintaining 

acceptable computation time. However, experimental data is needed to extract the value of 

each of lumped element. Herein, a micron-sized Cu pillar model that account for porosity 

will be shown to approximate RF performance of Cu NW arrays that can be used as 

interconnect with acceptable computation time.  

In this chapter, the theory and simulation study of NWs will be discussed. First, 

MNWs study will be described in chapter 2.2. Next, a model will be presented in chapter 

2.3 for Cu NWs that forms vertical vias.   

2.2 Theory and simulation of MNWs 

2.2.1 Theory of MNW study using Kittel equation 

 

Fig 2.1.  Coordinate system for an array of MNWs. MNWs in the array are arranged in 

hexagonal. 𝜃 is the angle between magnetization, M, and z axis. 𝜃𝐻 is the angle between 

external DC field, H, and z axis. The MNW diameter, length and interwire distance can be 

represented by D, L and r, respectively. 

 

The Kittle equation [30], equation 2.1, describes the dependence of FMR frequency 

on effective anisotropy field inside the material and applied external field  

𝜔𝐹𝑀𝑅 = 𝛾 ∗ √[𝐻𝑐𝑜𝑠(𝜃 − 𝜃𝐻) + 𝐻𝑒𝑓𝑓𝑐𝑜𝑠2𝜃][𝐻𝑐𝑜𝑠(𝜃 − 𝜃𝐻) + 𝐻𝑒𝑓𝑓𝑐𝑜𝑠2𝜃]        (2.1) 
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where 𝜔𝐹𝑀𝑅 represents FMR frequencies, 𝐻 is external DC magnetic field,  𝐻𝑒𝑓𝑓 is 

effective field inside MNWs, 𝜃𝐻   is the angle of external magnetic field, 𝜃 is the angle of 

magnetization (M) and 𝛾 is gyromagnetic ratio for specific material. For Co, Ni and Fe, 𝛾 

has value of 3.003 MHz/Oe, 2.912 MHz/Oe and 3.318 MHz/Oe, respectively. The angles 

𝜃 and 𝜃𝐻  are shown in Fig 2.1. 

 Three internal fields of magnetic material are included in 𝐻𝑒𝑓𝑓: (1) dipolar 

interaction field (𝐻𝑑𝑖𝑝), (2) crystalline anisotropy field (𝐻𝑢) and (3) demagnetization 

anisotropy field (𝐻𝑑𝑒𝑚). 𝐻𝑑𝑖𝑝 reflects how each single MNW in the array interacts with 

each other. 𝐻𝑢 indicates how the crystalline structure of MNWs influence the FMR 

response. Lastly,  𝐻𝑑𝑒𝑚 indicates the FMR dependence on the shape of single and array of 

MNWs, which can be changed by porosity and aspect ratio between MNW diameter and 

length. 

 

Fig 2.2. FMR responses for 𝜃𝐻 = 0 °, 30 °, 60 ° and 90 ° calculated using Kittel equation. 

 

To predict the experimental FMR response of MNWs with different orientations, 

an example of Co MNWs with length of 15.5 µm, porosity of 12% and diameter of 40nm 



11 

 

is used for the Kittel equation calculation. In Fig 2.2, the FMR responses of Co MNWs at 

four different 𝜃𝐻 is predicted.   

Due to MNWs’ long thin shape, the high shape anisotropy field is along with wire 

axis and therefore the magnetization aligns with the wire axis at the initial state. This 

property creates two special cases for FMR response study in MNWs, 𝜃𝐻 = 0 ° and 90 °; 

one has external DC field align with internal magnetization (𝜃𝐻 = 0 °) whereas the other 

one has DC field in perpendicular to the internal magnetization (𝜃𝐻 = 90 °).  

When 𝜃𝐻 equals 0 °, the FMR frequencies increase linearly as external DC 

magnetic field increases. When 𝜃𝐻 equals 90 °, as the external DC field increases, the 

magnetization was changed from along wire axis direction to perpendicular to the axis 

direction. Therefore, the FMR frequencies decreases first and then increases. The 

experimental study of MNWs in chapter 3 and chapter 4 are primarily performed in these 

two orientations. 

 

(a) 

 

(b) 

Fig 2.3. Crystalline structure for magnetic material. (a) Body centered cubic structure for Fe. 

(b) Face centered cubic structure for Ni. 
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In this work, three focused material are Co, Ni and Fe. Fe and Ni MNWs possess 

body-center cubic (bcc) (Fig 2.3a) and face-centered cubic (fcc) crystalline structure (Fig 

2.3b), respectively. All Co MNWs are fabricated in a precursor solution with pH = 2, which 

creates heavily faulted fcc crystalline structure [31]. Due to the fcc and bcc crystalline 

structure properties, all materials used in this work possess weak crystalline anisotropy 

field, which can be ignored in the Kittel equation calculation. In [31], a simplified equation 

2.2 was shown to represent the case at 𝜃𝐻= 0° with 𝐻𝑢 =0, which will be used a lot in this 

thesis. 

                            𝜔𝐹𝑀𝑅 = 𝛾 ∗ (𝐻 + 2𝜋𝑀𝑠 − 6𝜋𝑀𝑠𝑃)                                             (2.2) 

In equation 2.2, Ms is saturation magnetization, P is porosity and H is external DC 

field. For Co, Ni and Fe, Ms values are 1440 emu/cc, 485 emu/cc and 1707 emu/cc, 

respectively. P is porosity. At 𝜃𝐻= 0°, the FMR frequencies calculated using equation 2.1 

and equation 2.2 have the similar results. The value of −6𝜋𝑀𝑠𝑃 in equation 2.2 is the term 

that describes the dipolar interaction field (𝐻𝑑𝑖𝑝). 

Based on the Kittel equation, the FMR frequencies at different orientations can be 

predicted. To obtain more parameters for FMR response study such as the susceptibility 

and linewidth of single and arrays of MNWs, OOMMF and NMAG models will be 

discussed next.  

2.2.2 Simulation of single MNWs using OOMMF 

 

 A typical MNW requires aspect ratio between length and diameter greater than 10, 

which allows shape anisotropy along with the wire axis. OOMMF is able to model a single 

MNW with high aspect ratio and therefore is used to model its FMR response.  



13 

 

 

Fig 2.4. Simulated single Co MNW using OOMMF. 

 

 In Fig 2.4, a single Co MNW model with a typical NW diameter of 40nm and length 

of 800 nm in OOMMF is shown. The aspect ratio between length and diameter is chosen 

to be 20. The moment of MNW, shown in red, is set in x direction and as the initial 

magnetization (M) state. To simulate FMR response, the steady state needs to be identified. 

In Fig 2.5, when the simulation begins, the normalized magnetization in x and y direction 

starts from maximal value 1 and decreases to zero with damping effect, whereas in the z 

direction, the normalized magnetization increases from 0 to 1. The time point when the 

magnetization in x and y direction (Mx and My) reaches zero was called steady state. In 

this state, the magnetization aligns to the wire axis due to the shape anisotropy field.  
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Fig 2.5. Magnetization response in x, y and z direction. Mx, My and Mz are magnetization 

in x, y and z direction, respectively.  

 

   Next, add a pulsed AC field in the y direction and calculate the susceptibility:  𝜒 =

𝑀(𝜔)

𝐻(𝜔)
= 𝜒′(𝜔) − 𝑗𝜒′′(𝜔). In this susceptibility equation, 𝑀(𝜔) and 𝐻(𝜔) are 

magnetization and AC magnetic field in frequency domain, respectively. 𝜒′(𝜔) and 𝜒′′(𝜔) 

are real and imaginary part of susceptibility in frequency domain, respectively. By plotting 

𝜒′(𝜔) and 𝜒′′(𝜔) with respect to the frequency in x or y direction, the FMR frequencies 

can be obtained by the peak or the dip of 𝜒′′(𝜔). See Appendix A for detail FMR simulation 

procedure. 

 In Fig 2.6, the susceptibility (𝜒′  and 𝜒′′) is shown for Co MNWs with 0.2 T external 

DC field in x direction. Two FMR frequencies can be obtained from 𝜒′′: 8.77 GHz and 30 

GHz. The FMR frequency at the lower band, 8.77 GHz, is defined as end mode and 

corresponds to the domain wall resonance at the end of single MNW. The frequency at the 

higher band, 30 GHz, however, is defined as the bulk mode and corresponds to the 

magnetization resonance in the bulk of the MNW region. The bulk mode is the primary 
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FMR frequency and is stronger compared to the end mode.  The linewidth of the bulk mode 

indicates the loss of material and is 1.08GHz, which is obtained from the full width 

maximum of 𝜒′′. 

 

Fig 2.6. Real and imaginary part of susceptibility for single Co MNW in x direction with 

external DC field of 0.2T. 

 

While OOMMF can simulate single wire behavior accurately, it cannot consider 

multiple wires due to a lack of periodic boundary conditions. In chapter 2.2.3, the FMR 

performance of MNW arrays will be simulated using NMAG. 

2.2.3 Simulation of MNW arrays using NMAG 

 

Herein, NMAG was used to simulate the FMR response of array of MNWs due to its 

periodic boundary function, which can be used to simulate the dipole interaction between 

individual MNWs inside the array accurately. 

In Fig 2.7, a top view of a 100 by 100 Co MNW array simulated in NMAG is shown 

with length of 800 nm and diameter of 40 nm. A 0.2T DC field is added along with wire 
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axis or normal to the page. The simulation procedure using NMAG is similar to that of 

using OOMMF. See Appendix A for detail simulation procedure.  

 
Fig 2.7. Top view of MNW array modeled in NMAG. 

 

The susceptibility plots for 𝜒′  and 𝜒′′ are shown in Fig 2.8. The end mode and bulk 

mode for Co MNW array are 5 GHz and 21.7 GHz, respectively. However, both FMR 

frequencies for end and bulk mode are lower than that of the single MNW results simulated 

by OOMMF. This relationship can be explained using equation 2.2, where the FMR 

frequency of the MNW array decreases due to the dipolar interaction field. The linewidth 

of bulk mode from Co MNW array is 1.3GHz. 
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Fig 2.8. Real and imaginary part of susceptibility for array of Co MNWs in x direction with 

external DC field of 0.2T. 

 

 2.3 RF models for Cu NW application in HFSS 

In this work, Cu NWs are used to form integrated vertical vias. 

NWs that grown in a porous integrated template such as integrated anodized aluminium 

(iAAO) usually possess nanometer-sized wire diameter and 1-to-2-micron sized thickness. 

Bundles of NWs can provide vertical connection between top and bottom transmission 

lines and form the vias.  

Herein, a coplanar waveguide (CPW) structure shown in Fig 2.9 is used to be the 

standard transmission line type. From Fig 2.9, a CPW line has one signal line (S) in the 

middle and two ground (G) in the same plane of S. The signal line width (W), slot width 

(g) and ground plane width (Wg) are designed to be 93.9 µm, 53.05 µm and 400 µm, 

respectively. The impedance is designed to be 50 Ω. The total CPW width which equals 

W+2*g+2*Wg is designed to be 1000 µm to guarantee that the single mode operates up to 

60 GHz. 
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Fig 2.9. Top view of a standard CPW line. S and G represent signal line and ground plane 

region, respectively. W, g and Wg are signal line width, slot width and ground plane width, 

respectively. 

 

The via design based on CPW structure is shown in Fig 2.10. NW vias described by via 

width (VW) and via length (VL) are located on S and G plane. Two G-S-G NW vias are 

included in a two-port transmission line as interconnect between top and bottom CPWs. 

The signal transmission path, shown in Fig 2.9b, is going through top CPW, first NW vias, 

bottom CPW, second NW via and back to the Top CPW.  

CPW line with NW via design needs to be modeled in Ansys HFSS (High 

Frequency Structural Simulator) [32].  However, due to the large size difference between 

NW vias and CPW circuit, high computation time is required to model the proposed 

structure accurately. Therefore, a micron-sized Cu pillars model are used to approximate 

NW via performance.  

In Fig 2.11, top view of CPW with NW via modeled in HFSS is shown. Assuming 

the NW grown in iAAO has the porosity of 9%, which means the total Cu area over iAAO 

region is 9%. The area of Cu pillar area over iAAO in HFSS should also be 9% to 

approximate the RF performance based on metal volume. To save computation time, 5.5 

µm by 5.5 µm Cu pillar are used in the via region. The interwire distance is 17.5 µm to 
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keep the division between Cu pillar area and via area to be 9%. The total circuit length is 

1220 µm. VL is 90 µm. VWs on the S and G plane are the same as W and Wg, respectively. 

 

 

(a) 

 

(b) 

 

(c) 
Fig 2.10. Top view and cross section of via design in CPW circuit. (a) Top view of CPW with 

NW via. (b) Cross section of CPW with NW via at AA’ direction. (c) Cross section of CPW 

with NW via at BB’ direction. 
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Fig 2.11.   Top view of CPW with NW via modeled in HFSS. The via region are simulating 

using micron-sized Cu pillars.  

 

Based on same via and CPW dimensions, another two types of vias are designed as 

reference for NW vias, shown in Fig 2.12. One is the conventional via (Fig 2.12a) that is 

formed by the connection at the edge of vias between top and bottom CPW. The edge width 

is designed to be 3 mµ to make area of Cu connection to be 9 % of iAAO area. The other 

one is the solid Cu via (Fig 2.12b) that is formed by solid metal bulk in the via region. 

 

 

(a) 

 

(b) 

Fig 2.12. Two reference vias for NW via study. (a) Top view of conventional vias in CPW; (b) 

Top view of solid Cu via in CPW.  
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The simulation results of NW vias and two reference vias are shown in Fig 2.13. The 

CPW with NW vias shows decent signal transmission and low reflection coefficient with 

the S21 value of  

-0.35 dB and S11 value of -46 dB at 40 GHz, respectively. The performance of CPW with 

NW and conventional vias are close. Below 30 GHz, the solid Cu via shows the best S21 

performance due to the highest volume of metal in the via region and largest area for current 

to flow through. Above 30 GHz, due to skin depth effect, the S21 of Cu solid via decreases 

and aligns with the NW and conventional via. 

 

Fig 2.13. Comparison of NW, conventional and solid Cu vias. 

  

2.4 Summary 

In this chapter, the simulation and modeling of MNWs and Cu NWs are shown. 

The FMR theory and simulation of MNWs are studied. Kittel equation is used to predict 

the FMR frequencies of MNWs but cannot show the linewidth and susceptibility. By using 

two micromagnetic software tools, OOMMF and NMAG, the end mode and bulk mode of 

single and array of MNWs are presented. Compared to a single MNW, array of MNWs 
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shows lower FMR frequencies for both bulk mode and end mode due to dipolar interaction 

field. The linewidth of single and array of NWs can be predicted which indicates system 

detection resolution. A complete theory and model study for FMR of MNWs was 

presented. This will be used to guide the experimental MNWs characterization in Chapter 

3 and 4. 

The Cu NWs are designed as vertical vias. By using a micron-sized model with 5.5 

µm by 5.5 µm Cu pillar and 17.5 µm interwire distance, Cu NWs vias in a CPW line can 

be simulated in HFSS. Then, the NW via is compared to a conventional via and a solid Cu 

via. NW and conventional via shows close performance across the band. For solid Cu via, 

it shows best performance below 30 GHz due to the highest metal volume. When above 30 

GHz, the performance of solid Cu via is degraded and aligned with the results of NW and 

conventional vias due to skin depth effect. Based on the simulation CPW with Cu NW via 

model, the proposed structure is going to be designed, fabricated and measured in chapter 

5. 
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Chapter 3 MNW characterization for biolabeling applications 

3.1 Introduction 

Magnetic nanowires (MNWs) are studied for use as bio labels for different type of 

cells, molecules, and sub-cellular structure. The antibody corresponding to one type of cells 

can be tagged to one type of MNW. By using ferromagnetic resonance (FMR) techniques, 

the different types of MNWs can be detected and identified. Therefore, different types of 

cells can be detected and identified. For example, nickel (Ni) nanowires (NWs) and iron 

(Fe) NWs can correspond to a cancer and healthy cell, respectively. By detecting Ni NWs 

FMR frequencies, cancer cells can be identified.  

To apply MNWs for biolabeling system, the FMR frequencies and variable that 

influences them needs to be studied. Thus, circuits that can provide AC fields are needed. 

Waveguide cavity [33], microstrip [34] and coplanar waveguide (CPW) [35] are typical 

microwave circuit transmission line technology that can provide an AC magnetic field with 

MNWs. CPW is a broader band design.  It offers large measurement frequency range and 

ease of use with measurement samples compared to waveguide cavity, which is bandwidth 

limited. CPW also provides a stronger AC magnetic field on top of the circuit board, which 

is desirable for sample characterization, compared with microstrip, whose fields are 

primarily in the substrate.  

The most common used FMR measurement approaches include lock-in detection 

method [36], pulse perturbation method [37], and VNA-FMR method [38]. Herein, the 

VNA-FMR method is used and adopted for use with both short-circuited and through-line 
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CPW measurement circuits. The FMR characterization of MNWs, tri-labeling system and 

MNWs inside biological samples are studied. 

3.2 MNW sample fabrication process and dimension description 

In chapter 3, two types of templates are used, anodized aluminum oxide (AAO) and 

polycarbonate 

For both templates, a 17 nm Ti and 300 nm Cu layer are deposited on the one side 

of template as electrode for chemical electrodeposition process [9], shown in Fig 3.1.  

 

Fig 3.1. Fabrication process for MNW samples. 

Three types of material are used. They are Cobalt (Co), Ni and Fe. For all Co 

MNWs, the precursor electrolyte has pH of 2, which means heavily faulted fcc crystalline 

structure is created. One example of fabricated Co MNWs grown in AAO with NW 

diameter of 40 nm and porosity of 12 % is shown in Fig 3.2.  

 

Fig 3.2. Cross-section of Co NWs in AAO (left) and scanning electron microscopy (SEM) 

image of Co NW in AAO (right).  
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The dimension information of MNW samples used in Chapter 3 is shown in Table 

3.1. All diced sample are first attached to a Si wafer with photoresist as adhesion and then 

diced into rectangular shape using wafer dicing saw. 

3.3 FMR characterization system and measurement set-up 

The FMR characterization system is shown in Fig 3.3 [39]. The NW samples are 

placed above a CPW circuit, which provides an AC magnetic field to the test sample. The 

circuit is then put between two electromagnet poles, which provides a DC magnetic field. 

An Anritsu 37369D vector network analyzer (VNA) is used to provide the AC signal and 

detect the FMR response using reflection coefficient (S11) or transmission coefficient 

(S21). In addition, the measurements in this chapter are performed in the DC field domain, 

where the AC field is fixed with discrete frequency in the range of 0.04-40GHz and the DC 

field is swept from +1.5T to -1.5T with the rate of 0.025T/s in all measurements. 

TABLE 3.1 

DIMENSIONS OF MNW SAMPLE 

Template Material 

 type 

Sample order NW 

length 

(µm) 

NW 

diameter 

(nm) 

Porosity Diced 

or not 

Chip 

length 

(mm) 

Chip 

width 

(mm) 

AAO Co Co72-small 15.5 40 12% yes 1.958 0.331 

  Co72 15.5 40 12% no N/A N/A 

  Co80 28.2 40 12% yes 3.689 0.423 

  Co114-small 0.534 40 9% yes 0.220 1.875 

  Co114-medium 0.534 40 9% yes 0.481 1.875 

  Co114-large 0.534 40 9% yes 3 1.875 

 Ni Ni62 18 80 15% no N/A N/A 

 Fe Fe49 10.5 40 12 no N/A N/A 

Poly-

carbonate 

Ni N/A 3 100 2.4% no N/A N/A 
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Fig 3.3. Test circuit between two poles (left) and FMR characterization system set-up with 

electromagnet and VNA (right).   

 

One-port and two-port CPW circuits, shown in Fig 3.4a and Fig 3.4b, respectively, are 

used and designed on Rogers10 mil Duroid 5880LZ (𝜀𝑟 = 2) [40] with signal line width of 

16.5 mil and slot width of 5 mil. The trace length is 7.8 mm for the one-port circuit and 6.8 

cm for the two-port circuit. 

 
(a) 

 
(b) 

Fig 3.4.  (a) One-port short-circuited CPW board, (b) two-port through-line CPW board. 

 

In this work, MNW samples are measured in two orientations based on the DC field 

direction, out-of-the-plane (OP) and in-the-plane (IP). The DC field direction is along the 

wire axis for OP orientation and perpendicular to the wire axis for IP orientation.   

To reduce the interference from the testing system, nonmagnetic cables (Cinch 

Connectivity Solutions [41]) were used. The flexible nonmagnetic cables, however, were 
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sensitive to bending compared to the semi-rigid measurement cables during calibration. 

Thus, both one-port and two-port measurements were referenced at the VNA ports.  

 

Typical FMR detection measurements are obtained for DC magnetic field direction in 

the out-of-plane (OP) direction and in-plane (IP) direction. The DC field and AC field 

distribution are shown in Fig 3.5. In OP orientation, both one-port and two-port circuits 

have DC fields perpendicular to the AC fields. In IP orientation, DC field is always 

perpendicular to the AC fields for two-port circuit, whereas DC field is perpendicular to 

AC field in the slot only for one-port circuit. 

 

  
 

(a) OP direction for two-port circuit (b) IP direction for two-port circuit 

 
 

 

(c) OP direction for 

one-port circuit 

(d) IP direction for 

one-port circuit 

Fig 3.5.  A schematic of the cross sections of CPW boards to show field distribution in OP and 

IP direction. The red dashed line and red circle represent the DC field direction, the blue solid 

line represents the AC field direction, and the black line is NW axis. All cross sections are from 

the middle of the one-port and two-port circuits. 
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3.4 FMR characterization method 

Two FMR characterization methods are going to be introduced, compared, and 

discussed in this section. They are magnitude method and phase analysis method (PAM).  

3.4.1 Magnitude method 

 

Magnitude method is defined as describing the FMR response by using the 

magnitude of S11 or S21 data. Using magnitude method, FMR frequencies can be acquired 

by the minimum value of magnitude of S parameters. Next, the FMR response acquired 

using magnitude method and its comparison with theory will be shown. 

3.4.1.1 FMR measurement and theory comparison 

 

Herein, Co72 NWs that grown in anodized aluminum oxide (AAO) template with 

porosity of 12%, length of 15.5 µm and 40 nm is used. The FMR response of Co72 on two-

port CPW circuits is shown in Fig 3.6. The frequencies of FMR absorption can be obtained 

by the minimum of adjusted S21. The adjusted S parameter is defined in equation 3.1. 

Adjusted S21 = |S21|-min(|S21|)                                               (3.1) 

 

Fig 3.6. FMR response of Co72 in OP orientation. 
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where |S21| is the magnitude of S21 and min(|S21|) is minimum value of |S21|. The FMR 

frequencies of Co72 at 35 GHz and 40 GHz are obtained for positive DC field of 0.63 T 

and 0.785 T, respectively. 

To confirm the accuracy of experimental FMR frequencies obtained from 

magnitude method, the comparison of measurement, Kittel equation and NMAG modeling 

of FMR frequencies in OP orientation for Co72 is shown in Fig 3.7. In the measurement, 

the DC fields are acquired with FMR frequencies at 20 GHz, 25 GHz, 30 GHz, 35 GHz 

and 40 GHz. The theoretical FMR frequencies is calculated using Kittel equation 2.2 with 

external DC field in the range of 0-0.9T. A FMR frequency obtained from NMAG 

simulation using 𝜒′′ curve at 0.2 T DC field is included and shown as blue star. There is a 

good agreement between all data. 

 
Fig 3.7. Comparison of FMR measurement, Kittel equation and NMAG modeling of Co72 in 

OP orientation. 

 

Four 3D printed fixture were designed, fabricated, and used to measure the FMR 

frequency for 𝜃𝐻 at 90 ° (IP), 60 °, 30 ° and 0 ° (OP), where 𝜃𝐻 is the angle of external DC 

field with respect to the wire axis. The measurement results, shown in Fig 3.8, show similar 

trends to Kittel equation results in Fig 2.2. At 0° (OP), the FMR frequency increases 



30 

 

linearly with DC field strength, whereas at 90° (IP), FMR frequency shows minimum value 

around 0.65 T. A gradual transition between OP and IP can be observed at 30° and 60°. 

Since magnetization prefers to align with the wire axis due to the strong shape anisotropy 

presented in the NW array, lower DC fields are needed to observe FMR in OP direction. 

As the angles of the DC field perpendicular to the wire axis increase, magnetization takes 

higher DC field to rotate and achieve saturation. 

 

Fig 3.8.  The FMR frequency versus DC field pattern at 0° (OP), 30°, 60° and 90° (IP). 

 

Some biomedical applications, like bio-labels, requires small volume of material. 

Therefore, methods that detect low FMR signal are needed. 

 

3.4.1.2 Signal enhancement study 

 

To enhance the ability to detect small volume material and low FMR signal, Cu 

back layer effect and position effect are studied.  
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3.4.1.2.1 Cu back layer effect 

 

Since a 17 nm Ti and 300 nm Cu layer are deposited as electrode on the one side 

of MNWs, the effect of the Cu back layer is studied using the electrode [42].  

A MNW sample called Co72-small, is diced into a rectangular with length of 1.958 

mm and width of 0.331 mm. The diced Co72-small was placed across the CPW test circuit, 

which includes the slot and the signal line, with and without Cu back layer. In Fig 3.9, the 

FMR measurements are observed for Co72-small with and without Cu back layer. The 

sample with Cu layer creates almost seven times stronger FMR signal compared to the 

sample without Cu back layer. In Fig 3.10, HFSS simulation results are used to explain this 

effect. 

 

Fig 3.9.  The comparison between the Co72-small sample chip with and without Cu 

back layer at 40GHz in OP orientation. 

  

(a) (b) 

Fig 3.10. The HFSS simulation for sample without and with Cu back layer. Red and green 

arrows represent the AC field strength of 316A/m and 190A/m, respectively.  (a) Cross 

section of sample on CPW. (b) Cross section of sample on CPW with Cu back layer 
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Without Cu layer, the AC fields are concentrated inside the CPW slots, whereas 

with Cu layer, the AC fields are concentrated above the signal line due to the transfer of 

electric field attraction from the CPW grounds to sample Cu layer. The Cu layer acts like 

a floating ground and is closer to the signal line above the sample. Thus, by including a Cu 

back layer to the MNW sample, the FMR response is further enhanced. 

3.4.1.2.2 Position effect 

 

CPW line has different AC fields distribution around slot and signal line. Therefore, 

the position effect is studied here by putting sample on the slot and signal line [39].  

Co MNW sample, Co80, grown in 50 µm AAO with 12% porosity, 40 nm diameter 

and NW length 28.2 µm, is used. The Co80 NW sample is diced into a narrow rectangular 

shape with length of 3.698 mm and width of 0.423 mm. A CPW line is used as test circuit 

with a signal line width of 391 µm and slot width of 150 µm (Fig 3.11). The DC fields are 

applied along the signal line. The AC fields are perpendicular to the signal line direction 

on the signal line region and normal to the page in the slot region.  
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 The Co80 sample was put on the slot or on the signal line of two-port CPW circuit, 

shown in Fig. 3.11, to measure FMR response. The measurements are performed in IP 

orientation. In Fig 3.12, the FMR frequencies versus DC field in IP direction is plotted. In 

IP orientation, magnetization initially align with wire axis and perpendicular to the DC 

fields. As DC field increases, magnetization rotate and gradually align with DC field 

direction. The region that magnetization is rotating and not fully saturate in DC field 

direction is called low DC field region, whereas the region that magnetization is align with 

DC field direction is called high DC field region. The low DC field and high DC field 

regions are separated by a transition point at 15 GHz, where the magnetization is at exact 

saturation point.  

 

Fig 3.11. Diced Co 80 sample (left) and top view of CPW line with Co80 (right). 
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Fig 3.12. FMR frequency versus DC field in IP direction. 

 

First, FMR measurement on the slot and on the signal line on two-port CPW in IP 

orientation is performed at 15GHz, shown in Fig. 3.13. Since the magnetization is at exact 

saturation point at 15 GHz, magnetization direction is perpendicular to the AC fields both 

in the slot and on the signal line. The FMR absorption for the sample placed on the slot is 

stronger than placed on the signal line. This is due to the stronger AC field around the CPW 

slot (Fig 3.10a). Thus, to enhance FMR response, the sample chip should be placed on the 

slot. 

 

 
Fig 3.13. The comparison between the Co80 sample on the slot and on the signal line at 

15GHz in IP orientation. 



35 

 

Secondly, The Co80 sample is measured in IP direction at 20 GHz, where the red 

dashed line intersects with a black line at two FMR frequencies (Fig 3.12). The optimal 

angle between AC field and magnetization for detecting the FMR frequency can be 

obtained. 

  
Fig. 3.14. The comparison between the sample on the slot and signal line at 20GHz in IP 

direction. 

In Fig 3.14, there are two FMR absorptions in IP orientation regardless of sample 

placement on the slot or signal line. One absorption occurs in the low DC field region 

where the NW magnetization is dominated by shape anisotropy effect and the other occurs 

in the high field region where the magnetization is aligned with DC field in IP orientation. 

To better compare the signal strength relationship between two FMR absorptions from two 

positions, the FMR response is expressed using normalized S21 in Fig 3.14, which can be 

defined in equation 3.2. 

Normalized S21 = 
𝑆21−min (𝑆21)

max(𝑆21)−min(𝑆21)
                           (3.2) 

The max(S21) and min(S21) are maximum and minimum of S21. 
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When the sample is on the signal line, the AC field is orthogonal to the 

magnetization in both low and high DC field regions. When the sample is on the slot, 

however, the AC field is orthogonal to magnetization in the high DC field region but close 

to parallel in the low field region. Unfortunately, the non-orthogonality between AC field 

and magnetization in the low field region leads to the weaker absorption which flips the 

strength relationship between the low field resonance and high field resonance. Thus, for 

efficient absorption of FMR, AC field should be perpendicular to the magnetization. 

In summary, from position effect study, two approaches can be used to enhance 

FMR absorptions. The first one is putting the MNW sample on the slot rather than on the 

signal line; the second one is to make AC field be perpendicular to the magnetization of 

measured MNWs. 

3.4.1.3 Small signal analysis study 

 

For biolabeling application, small volume of material is expected for in situ 

experiments. Therefore, the smallest detectable signal level and MNW volume need to be 

determined and investigated for our set-up. Since one-port short circuited CPW and two-

port thru line CPW are used for FMR measurement, the one that provides the more sensitive 

detection needs to be determined among two. And the small signal analysis will be 

investigated based on the circuit that provide most sensitive detection. So, the comparison 

of one-port short circuited CPW and two-port thru line CPW is needed. 
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3.4.1.3.1 One-port short-circuited versus two-port thru line methods 

 

 

Fig 3.14.  The FMR measurement of the Co72 on two-port CPW and short-circuit CPW at 

26GHz in IP orientation. 

 

Fig 3.14 shows the FMR response of diced Co72-small in the DC field domain. The 

adjusted S21 and S11, ratio between input and output voltage of two-port and one-port 

CPW, are used to express the FMR response. Adjust S21 can be calculated using equation 

3.1, whereas adjusted S11 can be calculated using equation 3.3. 

Adjusted S11 = |S11|-min(|S11|)                                               (3.3) 

|S11| is magnitude of S11 and min(|S11|) is the minimum of |S11|. 

From two-port and short-circuited CPW, the FMR response are similar and FMR 

frequencies align well with each other. This means both methods can be used to 

characterize FMR response with constant FMR results. The FMR absorption measured 

from short-circuited CPW, however, is much stronger than the one from the two-port CPW. 

This occurs because the short-circuited CPW has a shorter signal traces and uses one cable 

to obtain the data. These provide shorter signal path with less insertion loss. Also, it allows 

AC signal to pass the MNW sample twice to measure the FMR response. Therefore, the 
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short-circuited CPW will be used to study the volume effect of MNWs and to determine 

the smallest detectable signal level and material volume. 

3.4.1.3.2 Volume effect 

 

Volume effect is studied based on a small volume MNW sample. The sample with 

low porosity and short NW length is preferred to reduce the material volume [43]. 

Herein, Co114 is grown in 50 µm thick AAO with porosity of 9%, with NW 

diameter of 40nm, and NW length of 0.534µm. The NW length is designed to be as short 

as possible to reduce the volume of material but 10 times larger than the diameter to 

guarantee that high shape anisotropy is still along the wire axis. Three chips are diced from 

Co114: large, medium and small with a chip width of 1.875 mm and chip lengths of a) 3 

mm, b) 0.481 mm and c) 0.220 mm, respectively. The large, medium and small chip 

volumes are 3x10-3 mm3, 4.8x10-4  mm3 and 2.2x10-4  mm3, respectively. 

The short-circuited test line with medium chip is shown in Fig 3.15. The sample is 

put across both signal line and slots of CPW lines. FMR absorptions were measured in the 

OP direction. 

 

Fig. 3.15. Short-circuited CPW test circuit with Co114 (1875 µm x 481 µm). 
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To determine the accuracy of FMR frequencies from three MNW volume test chips, 

a comparison is needed between the experimental results and theoretical predication. In Fig 

3.16, the FMR response for different volumes chips is compared with the Kittel equation 

for Co from equation 2.2.  

The goal is to identify how experimental FMR data deviates from the Kittel equation 

by comparing a mean difference between the measured and the predicted frequencies. Eight 

FMR data points are collected for each chip. At each DC field, the difference between the 

predicted and measured FMR is computed. Next, these differences are summed and divided 

by the total number of data points to produce an average frequency difference value between 

measured and predicted results, defined as mean difference of FMR frequencies.  The ideal 

mean difference value should approach zero. The large chip FMR response mean difference 

is 0.865GHz and agrees well with the Kittel equation. The medium and small chips FMRs 

diverge more from the Kittel equation and have mean differences of 1.855GHz and 

2.205GHz, respectively. Both are more than twice the value of the large chip mean 

difference. Fig 3.17 will be used to explain the results.  

 

Fig 3.16.  The comparison of experimental FMR response and Kittel equation (P = 9%) in the 

OP orientation.  
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In Fig 3.17a, as the volume of material decreases, the adjusted S11 magnitude, 

corresponding to FMR response, reduces and indicate the lower absorption. Fig 3.17b shows 

the data after smoothing. In Fig 3.17b, the FMR frequency points, based on the minimum 

value of the curve, vary for different volume chips. This is due to constant VNA noise 

power. Hence, as chip volume is reduced, the signal to noise (SNR) ratio decreases which 

introduces higher error when extracting the FMR frequency value. Therefore, the medium 

and small chip diverge more from the Kittel equation than the large chip. 

 

 

(a) 

 

(b) 

Fig 3.17.  The FMR response for three volumes of Co114 at 34GHz in the OP orientation. (a) 

The plot of adjusted S11. (b)  The adjusted S11 with smoothing span value of 0.07. 
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Since the lowest VNA detectable signal strength (S11 or S21) is 0.0002, the small 

chip’s signal strength, around 0.00017, is below the detection limit. Thus, the FMR error is 

expected to be high and is confirmed with the mean difference calculations, as discussed 

previously. To detect FMR response accurately for this VNA system, the Co volume and 

magnetization should be greater than that of small chip, 2.2x10-4  mm3 and 317µemu, 

respectively. In other words, when designing the biolabeling system based on current one-

port VNA-FMR method, Co NW should be larger than the 2.2x10-4 mm3. For Ni and Fe 

NWs, the magnetization should be designed to be greater than 317 µemu.  

3.4.2 Phase analysis method (PAM) 

 

Using the VNA-FMR method, both magnitude and phase data can be collected from 

the MNWs. So far, FMR frequencies and signal strength have been obtained by the 

magnitude of the S-parameters. When FMR linewidths overlap, however, accurate 

parameter extraction is difficult to achieve. Thus, a phase analysis method (PAM) [44] is 

proposed using the phase of the S parameters and will be discussed. 

PAM method obtains the FMR frequencies from the phase of S21 or S11, which 

can be defined as S21_phase or S11_phase. The first step is to take the phase derivative 

using equation 3.4. 

Phase derivative =   
𝜕𝑆21_𝑝ℎ𝑎𝑠𝑒

𝜕𝐷𝐶_𝑓𝑖𝑒𝑙𝑑
    or  

𝜕𝑆11_𝑝ℎ𝑎𝑠𝑒

𝜕𝐷𝐶_𝑓𝑖𝑒𝑙𝑑
                      (3.4) 

Then, FMR frequencies can be obtained from the extrema of the phase derivative. 

To fully understand PAM method, this method will be compared with magnitude method 

and be used to study the position and volume effect. 
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3.4.2.1 PAM and magnitude method comparison 

 

 
(a) 

 
(b) 

 
(c) 

Fig 3.18.  Family curves for Co72 in OP: (a) Relative value of |S21|; (b) Relative value of 

S21_phase in degrees; (c) Derivative of S21_phase. 



43 

 

In Fig 3.18, the PAM and magnitude methods are compared. Co72 is measured on 

two-port measurement circuit in OP direction at 25 GHz, 30 GHz, 35 GHz and 40 GHz. The 

family curves for magnitude, phase and phase derivative of S21 in DC field domain indicate 

the relationship of FMR response versus DC field. A family curve of each parameter is 

shown in Fig 3.18. As DC field increases, the FMR frequencies also increase. For ease of 

comparison, the phase data is relative value which can be defined as the subtraction between 

the original value and minima.  

From the minima of adjusted S21 and extrema values of the phase derivatives, FMR 

frequencies can be obtained with the same values. The DC fields corresponding to FMR 

frequencies are 0.29 T (25 GHz), 0.455 T (30 GHz), 0.63 T (35 GHz) and 0.785 T (40 GHz). 

Furthermore, the sign of the phase derivative indicates the moment directions for OP 

orientation corresponding to negative and positive DC field. 

Fig 3.19 shows the magnitude and phase derivative data for Co72 in IP at 25GHz. 

Resonances located at low DC field are difficult to determine from the S21 magnitude and 

magnitude method because their linewidths are overlapped. By observing the phase 

derivative of the S21 data in Fig 3.18b, resonances are shown clearly. Thus, compared to 

the magnitude method, PAM is advantageous in showing the moment direction and 

distinguishing resonances when linewidth overlaps.  
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(a) 

 
(b) 

Fig 3.19. FMR for Co72 in IP at 25GHz: (a) |S21|; (b) derivative of S21_phase. 

3.4.2.2 Position effect study 

 

Phase is sensitive to sample placement. A diced Co80 chip with length of 3.698 mm and 

width of 0.423 mm is measured with different placements in OP at 40GHz; one is across 

the signal line and the other is above one slot. The phase and phase derivative of these two 

placement cases are shown in Fig 3.20. The S21 phase strength differs due to the placement 

orientations. For Co80 across the signal line, the phase variation is 0.74° compared to the 

slot placement, where the phase variation is 3.49°. Regardless of placement, however, 

consistent FMR frequencies are obtained at DC field of 0.905T as shown in Fig 3.20b. 
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Therefore, PAM method can be applied for MNW to obtain consistent FMR frequencies 

regardless of the different sample placement. 

 

3.4.2.3 Volume effect study 

 

Due to the requirements for small size and volume of material detection for biomedical 

application, volume effect study of PAM method is needed to understand and to improve 

signal sensitivity. In this study, the one-port test circuit is used since it possesses higher 

signal sensitivity and signal strength compared to the two-port circuit. 

 
(a) 

 
(b) 

Fig 3.20.  FMR results for Co80 in OP at 40GHz for sample across the signal line and above 

the slot: (a)S21_phase in degrees; (b) derivative of S21_phase. 
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The PAM approach is applied to two Co114 chips (Co114-large and Co114-medium) 

with similar chip widths of 1.875 mm. The respective chip lengths 3 mm and 0.481 mm are 

used to study the volume effect. The volume of large and medium Co114 chips are 3x10-3 

mm3, 4.8x10-4 mm3, respectively. Fig. 3.21a shows the relative phases of S11 for large and 

medium chip in OP at 30 GHz. They have similar shape but different values due to length 

variation. Fig 3.21b shows the phase derivatives after smoothing the S11 phase data, which 

is necessary to reduce the high background noise in the raw data. From phase derivative 

results, approximate 0.06 T difference is observed between large and medium at FMR 

frequency. This difference might be due to the error introduced by the smoothing function. 

 
(a) 

 
(b) 

Fig 3.21.  FMR results for Co114-A and Co114-B in OP at 40GHz: (a) Relative value of 

S11_phase; (b) derivative of S11_phase. 
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3.5 Tri-labeling system detection and identification 

In the biolabeling applications, the ability to detect and identify multiple MNWs 

simultaneously is needed. In this section, the design of tri-labeling system will first be 

presented. Then the magnitude and PAM methods will be used to analyze a tri-labeling 

system. 

3.5.1 Design of tri-labeling system model 

 

By the endocytosis process, different types of MNWs, such as Fe, Ni and Co, can 

be taken into the cells, shown in Fig 3.22. The FMR frequencies of these MNWs therefore 

can be used to identify three different types of cells. To confirm this concept, these MNWs 

need to be detected and identified outside the cell first. Therefore, a tri-labeling system 

concept is proposed.  

 

Fig 3.22. NWs inside cell through endocytosis process. 

All MNWs are grown in 50 µm thick AAO. The proposed measurement 

configuration is shown in Fig 3.23. Three MNW samples are stacked on the CPW line. The 

stack order is based on ensuring the weakest to the strongest saturation magnetization order 

is achieved. The order from bottom to top is Ni, Co and Fe with corresponding saturation 
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magnetization of 485 emu/cc, 1440 emu/cc and 1707 emu/cc, respectively. This order 

allows all three samples to be detected and identified simultaneously.  

 

Fig 3.23 Tri-labeling system measurement configuration. 

 

3.5.2 FMR tri-labeling model identification using magnitude method 

 

Ni62, Co72 and Fe49 with NW length of 18 um, 15.5 um and 10.5 um, respectively, 

are used for tri-labeling model. Based on two-port measurement circuit, three MNW 

samples are measured in OP direction at 40 GHz individually and stacked as shown in Fig 

3.23 simultaneously. The FMR frequencies are obtained using magnitude method in DC 

field domain, shown in Fig 3.24. 

 

Fig 3.24. Tri-labeling system measurement using magnitude method. 
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From Fig 3.24, it can be shown that, FMR of Ni, Co and Fe can be detected individually 

and identified when measured together. The DC field for Ni, Co and Fe are 1.155 T, 0.785 

T and 0.725 T. Compared to Ni, FMR frequencies of Co and Fe NW samples occur at lower 

DC field values due to higher saturation magnetization. Based on magnitude method, Ni, 

Co and Fe MNWs shows great potential for tri-labelling system. 

3.5.3 Moment direction indication for tri-labeling model using PAM 

 

Furthermore, PAM is studied for tri-labelling system using Ni, Co, and Fe MNWs. 

The same samples and measurement configuration is used for PAM based on two-port 

circuit. In Fig 3.25, the FMR for three samples measured in OP direction at 40 GHz is 

shown. 

 

Fig 3.25. Tri-labeling system measurement using PAM. 

The DC fields corresponding to FMR frequencies of Ni, Co and Fe MNWs obtained 

from PAM are similar to the magnitude method, 1.155 T, 0.785 T and 0.725 T. The data of 

Ni sample is nosier compared to Co and Fe due to lower magnetization of Ni. Compared to 

magnitude method, the PAM also shows different moment direction for positive and 

negative DC field regions. 
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3.6 MNWs assessment in bio-mimicking environments and bio-sample.  

Measuring MNWs in a bio-environment will encounter three primary challenges, 

compared to measuring them in AAO template. First, MNWs will be randomly distributed, 

which means their porosity can be various in different region of sample. Second, MNWs 

will be randomly oriented. Third, small volume of magnetic material will be used which 

therefore generates small FMR signal strength. 

In this section, the ability of detecting and identifying MNWs in a bio-mimicking 

environment and bio-sample will be evaluated.  

The detection of FMR can be achieved by acquiring the difference between CPW 

circuit with and without MNW sample. In Fig 3.26, the difference between adjusted S21 

data of Co NW and empty circuit is computed. A curve, shown in blue, with a nonzero 

difference value indicates NW presence on the circuit board. The value of difference 

indicates the magnitude of FMR absorption. 

 
Fig 3.26. Comparison of Co NWs on circuit and no NW on circuit in IP direction at 30 GHz. 

 



51 

 

 

3.6.1 MNWs with random distribution and low FMR signal in polycarbonate 

substrate 

 

The NWs inside cells are expected to be randomly distributed and oriented. However, 

the AAO templates used so far possess ordered pores in a rhombus shape. To study the 

NW in a bio-mimicking environment, with same orientation but random distribution, 

polycarbonate is used in this section. Different from AAO, the pores in polycarbonate are 

created by track-etch method where pores are created by high energy ion bombardment, 

which produces random distribution.  

Herein, a Ni MNW sample fabricated on polycarbonate with diameter of 100 nm, wire 

length of 3 µm and porosity of 2.4% is used. The short NW length, low porosity and low 

saturation magnetization of Ni provide small FMR signal level. 

The data are measured based on one-port circuit in IP orientation at 30 GHz and is 

shown in Fig. 3.27. The FMR absorption indicate the ability to detect the randomly 

distributed Ni NWs by FMR technique.  

 

Fig 3.27. Ni NW grown in polycarbonate measured in IP orientation at 30GHz. 
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The FMR frequencies are compared to the Kittel equation predication for OP and IP 

orientation shown in Fig 3.28. The alignment between Kittel equation and measurement 

indicates the identification for Ni MNWs in polycarbonate. 

 

Fig 3.28. Comparison of measurement and Kittel equation for Ni NW grown in polycarbonate. 

 

3.6.2 MNWs with random orientation and distribution in fixed cells 

 

A bio-sample made with osteosarcoma cell and Fe-Au NWs is studied in this 

section. The cells are fixed with Epon 812 resin. The measurement used one-port 

measurement circuit to gain the benefit of highest sensitivity. The measured results in IP 

direction at 36 GHz is shown in Fig. 3.29. The comparison of measurement and Kittel 

equation predication for ordered FeAu NWs is shown in Fig. 3.30.  From Fig. 3.29, the 

FeAu NWs inside bio-samples are detectable. The FMR response of bio-sample in IP and 

OP directions, shown in Fig. 3.30, are aligned together, which indicates the randomly-

orientation of FeAu NWs inside cells. They are not aligned to the Kittel equation, which 

indicates that FeAu NWs can be detected but cannot be identified. To identify the MNWs 
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inside cells, the NWs need to be oriented to the same direction, which requires an external 

DC field and the bio-sample with MNWs in the liquid environment.   

 

Fig 3.29. The FMR measurement of bio-sample in IP direction at 36GHz. 

 

Fig 3.30. Comparison of measurement and Kittel equation for bio-sample. 

3.7 Summary 

In Chapter 3, the characterization of FMR response for MNWs is studied for 

biolabeling applications. The VNA-FMR method is implemented with CPW test circuits, 

which provide both magnitude and phase of S parameter to obtain the FMR response. Two 

methods are proposed, magnitude method and PAM method.  

Based on magnitude method, FMR frequencies of Co MNWs are studied and 

compared to the Kittel equation and simulation results. The experimental data and 

simulation show good agreement. The variables that influence FMR response are studied, 



54 

 

such as Cu back effect and position effect.  From the study, including a Cu back layer on 

the sample, placing the sample on the slot and making the external AC field perpendicular 

to the magnetization each enhance the FMR signal.  

To quantify the system ability to detect small signal. Small signal analysis is 

performed by determining the most sensitive system among one-port and two-port 

approach and smallest detectable material volume. From the experimental, one-port short-

circuited CPW shows higher signal strength compared to two-port thru line CPW due to 

less signal transmission path and therefore less loss. The smallest detectable Co volume 

and magnetization are 2.2x10-4 mm3 and 317 µemu, respectively, using the one-port circuit. 

For PAM method, the derivative value of S parameter phase is taken, which provide 

the information of FMR frequencies. Compared to the magnitude method, PAM shows 

advantages in determining the FMR for overlapping linewidths and direction of magnetic 

moments. This feature will make FMR signals easier to distinguish when PAM is applied 

to biosensing applications.  

In addition, position effect of PAM method is studied. The results show that FMR 

frequency is not sensitive to the placement differences. Also, two small size and small 

volume samples with same width but different lengths are characterized accurately using 

one-port CPW circuit. The DC field values at the FMR frequency for Co114-large differ 

from Co114-medium by 0.06 T, which might be due to the error introduced by the 

smoothing function. 

The tri-labeling system is proposed for use with magnitude and PAM methods. Ni, Co 

and Fe MNWs are measured individually and simultaneously. The FMR frequencies for 
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three different material can be detected and distinguished, which shows great potential for 

tri-label biosensor applications. 

Finally, the MNWs are characterized in a bio-mimicking environment and biological 

sample. For bio-mimicking environment, the MNWs are grown in polycarbonate, which 

are randomly distributed but aligned in the same directions. The detection and 

identification can be achieved in this case. For MNW in biological sample, NWs are 

randomly distributed and oriented in osteosarcoma cell. The detection can be achieved but 

identification cannot be realized. The next step will be putting MNWs and cells in a liquid 

format and using external DC field to align NWs in the same orientation. 
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Chapter 4 MNW characterization for communication applications 

4.1 Introduction 

Magnetic nanowires (MNWs) are attracting broad interest for microwave device 

design in transmitting and receiving modules for wireless communication technology [45-

47]. Their long thin shape provides high shape anisotropy along the wire axis, which 

creates large remnant state. This feature allows MNWs to possess gigahertz frequency 

range ferromagnetic resonance (FMR) absorption at zero DC field and to eliminate a need 

for an external magnet when applied in nonreciprocal microwave devices. Therefore, 

MNW-based microwave devices are desirable for future wireless communication. Also, 

MNWs grown in an anodized aluminum oxide (AAO) template provide high stability, 

compared to thin film, due to less exposure to the air. Examples of recent designs based on 

MNWs include circulators [48], band-stop filters [49], and isolators [50].  

 To use MNWs as a magnetic substrate for non-reciprocal device design, 

characterization is needed to obtain the material parameters. Three key design parameters 

play dominant role in the device design process. They are FMR, permeability tensor and 

linewidth. 

  In this chapter, the discussion about key design parameters will be presented first. 

Then an experimental method to characterize MNWs will be shown.  
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4.2 Key parameters for use of MNWs in AAO template for non-reciprocal device 

design 

A non-reciprocal device, such as circulator, provides transmission in the one 

direction and isolation on the opposite direction, shown in Fig 4.1. For example, if signal 

needs to transmit from port 1 to port 3, then the ideal transmitted voltage ratio from port 1 

to port 3 (S31) should approach to 1 and that from port 3 to port 1 (S13) should approach 

to 0.  

 

Fig 4.1. A schematic of a circulator. 

 

A conventional circulator usually requires a magnetic material to provide high non-

reciprocity, which is a parameter defined as the power difference of transmitted signal 

between forward and backward direction. 

To use MNWs grown in AAO template as a magnetic substrate for non-reciprocal 

device design, several parameters are important to understand. They are FMR frequencies, 

permeability tensor and linewidth.  
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4.2.1 FMR frequency 

 

FMR frequencies stems from the magnetic material, in which countless spinning 

electrons resonant at an AC frequency with specific DC field. In Fig 4.2, a spinning electron 

within magnetic material is shown. The DC fields are perpendicular to the AC fields. The 

frequency that electron resonant at is called FMR frequency.  

 

Fig 4.2.  Spinning electron inside magnetic material. 𝐻𝐷𝐶 is internal DC field and 𝐻𝐴𝐶 is internal 

AC field. 

 

FMR frequency is an important parameter for non-reciprocal device design. The 

high non-reciprocity occurs around FMR. Therefore, a well-performed non-reciprocal 

device needs to be designed close to an FMR. However, at FMR resonance point, the 

material loss is extremely high and theoretically close to an infinite value, which is 

undesirable. So, the FMR of MNW substrate needs to be characterized accurately before 

head. Based on the FMR frequency, the operation frequency would be designed to be close 

to FMR frequency but not at exact resonance point. 
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4.2.2 Permeability  

 

Permeability is the second important parameters, which is related to FMR 

frequency. The relative permeability for a magnetic material is greater than 1 around FMR 

frequency.  

A typical permeability around FMR is shown in Fig 4.3. The real part of 

permeability, 𝜇′, will first increase to a positive maximal and decrease to a negative 

maximal. The non-reciprocity is proportional to the 𝜇′. The larger the 𝜇′ is, the larger the 

non-reciprocal effect will be. The imaginary part of permeability, 𝜇′′, is related to the 

transmission loss. A 𝜇′′  has a peak at FMR resonance. The larger the 𝜇′′is, the higher 

signal loss would be for forward signal transmission direction. 

 

Fig 4.3.  Relative permeability at FMR frequency band. 

  This also explains why a non-reciprocal device designer would have operating 

frequency close to the FMR but not at the exact resonance point. 

4.2.3 FMR Linewidth 

 

The last key parameter is FMR linewidth, which is defined as the full width 

maximal of permeability. The FMR linewidth indicates the material loss. As a magnetic 
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substrate, MNWs should possess the lowest signal transmission loss in forward direction 

as possible. Therefore, the linewidth of fabricated MNW substrate should also be as low as 

possible. 

From [51], the linewidth in frequency domain, ∆𝜔0, can be expressed in the 

equation 4.1   

                                                     ∆𝜔0 = 2𝛼𝜔 = ∆𝐻𝜇0𝛾                        (4.1) 

where 𝛼 is damping constant,  𝜔 is the operate frequency, and ∆𝐻 is the linewidth in DC 

field domain. From equation 4.1, linewidth increases as frequency increases. Furthermore, 

other variables show influence on FMR linewidth like NW length [9] and need to be further 

confirmed by more experimental study. 

To design microwave devices in a full wave modeling tool, these three parameters 

of MNW are needed and are not readily available in commercial software like Ansys HFSS 

(High Frequency Structural Simulator). Therefore, an experimental method to characterize 

the FMR properties of MNWs and extract their relative permeability and linewidth in the 

frequency domain is needed and required to accurately model circuits using this type of 

material. The FMR and permeability extraction measurement will be shown next. 

4.3 FMR and Permeability extraction 

Herein, using VNA-FMR method [38], the FMR response and permeability can be 

obtained based on one-port coplanar waveguide (CPW) line. The FMR data are obtained 

in the frequency domain for the ease of designing the device using electromagnetic 

software.  
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An Anritsu 37369D VNA is used and provides an AC field that is swept in the 

range of 0.04 GHz to 40 GHz. It detects FMR response by reflection coefficient (S11). 

The CPW circuit with MNW sample is put between two poles from electromagnet that 

provides a constant DC magnetic field in the range of 0 to 0.55 T. The measurement 

system set-up is the same as that was shown in Fig 3.3.   

Compared to the FMR measurement method in DC field domain, described and 

discussed in Chapter 3, FMR characterization in frequency domain is more challenging 

due to RF background noise. To overcome this issue, different volume sizes of MNW 

sample (small and large), are used to extract permeability. Also, to enhance the FMR signal 

strength, the Cu back effect is used.  

4.3.1 Extraction using small volume sample 

 

A diced cobalt MNW sample, Co72-small, with length of 1.958 mm and width of 

0.331 mm is used in this section. No Cu back layer is included. The sample is put on the 

CPW and S11 data, which indicates the FMR response, is obtained. In Fig. 4.4, S11 data 

of an AAO sample and a Co72-small sample on a short-circuited CPW for DC fields at 

0.4T and 0.5T are shown, respectively. The additional reduction in S11 with the Co72-

small sample compared to the empty AAO suggest that FMR is present. However, it is not 

adequate to determine the specific FMR frequency due to the presence of additional board 

resonances. Thus, the known “four steps” method [52-54] is needed and applied here in 

order to determine the FMR frequency and extract the permeability of the Co72-small 

sample. 
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Fig 4.4.  The S11 measurement of the CPW board with Co72-small sample at 0.4T, 0.5T 

and CPW board with same size AAO in OP direction. 
 

 

Using the “four steps” method [53], first, a calibration is performed to remove cable 

and connector effects. The one-port VNA calibration shifts the reference plane to the input 

of the test circuit connector. Then, the S11 value of two short-circuited CPW test boards 

(i.e., lengths of 7.8mm and 5.8mm) is measured to remove the connector effects. The side 

view cross section of NW sample on a one-port CPW is shown in Fig 4.5. The reflection 

coefficient (𝛤) of the circuit is expressed as equation 4.2 

𝛤 = 𝛤0𝑒−2(𝛾𝑒𝑚𝑝𝑡𝑦𝑙𝑒𝑚𝑝𝑡𝑦+𝛾𝑠𝑎𝑚𝑝𝑙𝑒𝑙𝑠𝑎𝑚𝑝𝑙𝑒)                     (4.2) 

where 𝛤0 is the reflection constant at the end of the transmission line with the value of -1, 

𝛾𝑒𝑚𝑝𝑡𝑦is propagation constant in the empty CPW, 𝑙𝑒𝑚𝑝𝑡𝑦 is the line length of empty CPW, 

𝛾𝑠𝑎𝑚𝑝𝑙𝑒 is propagation constant for the CPW with MNW sample and 𝑙𝑠𝑎𝑚𝑝𝑙𝑒 is the length 

of MNW sample. Since the propagation constant can be expressed as 𝛾 =
𝑖𝜔√𝜇𝑒𝑓𝑓𝜖𝑒𝑓𝑓

𝑐0
,  the 

effective permeability 𝜇𝑒𝑓𝑓 can be extracted from 𝛾 based on  𝛤. The extraction process 

will be discussed in the next few steps. 
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In second step, the S11 of empty test board, 𝑆
11

𝑒𝑚𝑝𝑡𝑦
, is measured to obtain the effective 

permittivity of short-circuited CPW test board, defined as 𝜖𝑒𝑓𝑓
𝑒𝑚𝑝𝑡𝑦

, using equation 4.3. 

                                                𝜖𝑒𝑓𝑓
𝑒𝑚𝑝𝑡𝑦

= (
𝑖𝑐0ln (−𝑆11

𝑒𝑚𝑝𝑡𝑦
)

2𝜔(𝑙𝑠𝑎𝑚𝑝𝑙𝑒+𝑙𝑒𝑚𝑝𝑡𝑦)
)2                     (4.3)   

Third, the CPW test board was measured with AAO template to obtain effective 

permittivity of board with AAO, 𝜖𝑒𝑓𝑓
𝐴𝐴𝑂, using equation 4.4. In equation 4.4,  𝑆11

𝐴𝐴𝑂 is the 

S11 data of CPW test board with AAO. 

                                              𝜖𝑒𝑓𝑓
𝐴𝐴𝑂 = (

𝑖𝑐0ln (−𝑆11
𝐴𝐴𝑂)

2𝜔𝑙𝑠𝑎𝑚𝑝𝑙𝑒
−

√𝜖𝑒𝑓𝑓
𝑒𝑚𝑝𝑡𝑦

𝑙𝑒𝑚𝑝𝑡𝑦

𝑙𝑠𝑎𝑚𝑝𝑙𝑒
)2          (4.4)                            

And finally, the S11 data of test board with NW array sample, 𝑆11
𝑠𝑎𝑚𝑝𝑙𝑒

 , is measured 

to obtain the effective permeability of the test board with NW sample. The last 

measurement is used to extract the effective permeability of the NWs based on the effective 

permittivity value from the previous steps. The equation 4.5 is used to extract the effective 

permeability, 𝜇𝑒𝑓𝑓. 

 

Fig 4.5.  Cross section of NW sample above one-port CPW circuit. 𝛾𝑒𝑚𝑝𝑡𝑦 is propagation 

constant in the empty CPW, 𝑙𝑒𝑚𝑝𝑡𝑦 is the line length of empty CPW, 𝛾𝑠𝑎𝑚𝑝𝑙𝑒 is propagation 

constant for the CPW with MNW sample and 𝑙𝑠𝑎𝑚𝑝𝑙𝑒 is the length of MNW sample. 
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                                     𝜇𝑒𝑓𝑓 = (
𝑖𝑐0ln (−𝑆11

𝑠𝑎𝑚𝑝𝑙𝑒
)

2𝜔𝑙𝑠𝑎𝑚𝑝𝑙𝑒√𝜖𝑒𝑓𝑓
𝐴𝐴𝑂

−
√𝜖

𝑒𝑓𝑓
𝑒𝑚𝑝𝑡𝑦

𝑙𝑒𝑚𝑝𝑡𝑦

√𝜖𝑒𝑓𝑓
𝐴𝐴𝑂𝑙𝑠𝑎𝑚𝑝𝑙𝑒

)2     (4.5)   

 

Then equation 4.6,  

                                 𝜇𝑖𝑛𝑖𝑡𝑖𝑎𝑙
′ =

𝑀𝑠

𝐻𝑎
+ 1                         (4.6) 

is used for calibrating the initial real part of relative permeability in low frequency range 

using 𝑀𝑠 of 1440 emu/cc and 𝐻𝑎, extracted from hysteresis loop with the value of 4446 Oe 

(Fig 4.6). Finally, relative permeability, μ, is obtained with the value of calibrated 𝜇𝑒𝑓𝑓. 

 

 

In the third and fourth steps, the AAO and MNWs sample were put above the left slot 

of the CPW board in OP direction of DC field to reach the maximum AC field region as 

seen in Fig 4.7. The study in chapter 3.4.1.2.2 shows that FMR absorption comes from the 

orthogonality of AC field and magnetization. The sample width ,0.331 mm, is slightly 

wider than the gap and it is believed that the sample edges above the signal line absorb the 

 

Fig 4.6. Hysteresis loop of Co72 in IP and OP orientation. Anisotropy field, 𝐻𝑎, is defined by 

the difference of DC saturation field in IP and OP orientation. 
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AC field energy due to the orthogonal relationship between magnetization and AC field on 

the signal line. 

 

The relative permeability, μ = 𝜇′ − 𝑗𝜇′′ , of Co72-small at 0.4T in OP orientation 

is shown in Fig 4.8. The FMR frequency for Co72-small is 27GHz based on the peak of 

𝜇′′, which is not obvious from S11 Fig 4.4. Fig 4.8 shows that the real part of relative 

permeability is 7 and the imaginary part is 4.5 at FMR frequency. From the full width at 

half maximum of 𝜇′′, the linewidth of Co72-small is 5.18 GHz.  

 
Fig 4.7.  HFSS simulation for AC magnetic field distribution of CPW board at cross section. 

Red and green arrows represent the AC magnetic field strength of 270A/m and 109A/m, 

respectively. 

 
(a) 
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At the other DC fields like 0.5 T, the permeability data for Co72-small cannot be 

obtained due to high RF background noise environment. So, a large volume sample will be 

used in the next section. 

4.3.2 Extraction using large volume sample 

 

Extracting the FMR frequencies and permeability based on small volume sample, 

discussed in chapter 4.2.1, is difficult due to small FMR signal level and large RF 

background noise. To resolve the issue, several large volume samples, which can cover the 

cross section of CPW line, are used [55].  

4.3.2.1 MNW sample without Cu back layer 

 

A diced Co72-large sample with length of 3 mm and width of 2 mm is used. No Cu 

back layer is included. The S11 response of empty AAO and Co72-large without Cu layer 

on CPW circuit in OP orientation is shown in Fig 4.9. The AAO template without NWs is 

used to provide reference. Co72-large MNWs grown inside AAO are measured at different 

 
(b) 

Fig 4.8.  (a) The real part of permeability 𝜇′ for nanowire array at 0.4T in OP direction, (b) 

The imaginary part 𝜇′′of permeability for NW array at 0.4T in OP direction. The FMR 

frequency for Co72-small at 0.4 T is 27GHz. 
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DC fields. Board resonances and FMR responses are identified. A board resonance for 

AAO above CPW is observed around 27.2 GHz. The FMR resonances of Co72-large can 

be observed at 0.45 T and 0.52 T when they are located away from the board resonances.  

Below 0.4 T, FMR resonances overlap with board resonances and are hard to determine. 

Compared to the FMR response of Co72-small shown in Fig 4.4, the FMR frequencies of 

Co72-large can be observed at frequency bands that are away from board resonances. 

 

Based on these S11 data, permeability of Co72-large is extracted using “four step 

methods”. Considering CPW structure, permeability includes two components contributed 

by AC fields above signal line and slots. Herein, measurements are taken in OP orientation.  

Therefore, only AC fields above the signal line contribute to the extracted permeability 

since the AC signal and magnetization above slot are primarily parallel.  

 

Fig 4.9. Reflection response (S11) versus frequency for MNW sample and empty AAO placed 

on top of the CPW circuit.  The Co72-large without Cu and AAO samples are evaluated at 

different DC field values to identify board resonances and FMR absorption peaks. A detailed 

view of FMR response from 15 to 35 GHz is embedded. 
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The extracted permeability of Co72-large without Cu layer is shown in Fig 4.10. 

The 𝜇′ for DC fields below 0.36T, shown in Fig 4.10a, is influenced by the board resonance 

and distorted from 25-29.5 GHz. The 𝜇′′ show less influence from the board resonance. 

The average linewidth is obtained by calculating the average of full width at half maximum 

of all µ′′ curves. The calculated linewidth of Co72-large without the Cu layer is 5.6 GHz.  

 

(a) 

 
(b) 

Fig 4.10. Permeability of Co72 without Cu layer. (a) The real part of permeability 𝜇′, (b) The 

imaginary part of permeability 𝜇′′. 
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Compared to the small volume sample, the large volume sample provide clear FMR 

frequencies in the bands that are away from the board resonances. The permeability can be 

extracted, which is, however, has the distortion from 25-29.5 GHz due to the board 

resonance. To resolve the issue that FMR frequency and extracted permeability can be 

influenced by board resonance, Cu back layer is used and will be presented next. 

4.3.2.2 MNW sample with Cu back layer 

 

To enhance the FMR signal, a Cu layer has been deposited on one side of the Co72-

large sample. The presence of Cu layer attracts the magnetic fields from the slots of CPW 

to the region above the signal line as discussed earlier to enhance the FMR absorption (Fig 

3.10). 

 

Fig 4.11. S11 response of Co72-large with Cu back layer at different DC fields. A detailed view 

of FMR response from 19 to 33 GHz is embedded. 

 

 

In Fig 4.11, the FMR absorptions of Co72-large with Cu layer can be clearly 

observed at all five different DC fields. The FMR signal strengths are around -4 dB and is 

stronger compared to Co72-large without Cu layer, which are around -1.6 dB. When the 
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Cu back layer is included, however, three parasitic resonances are introduced at 12 GHz, 

17.5GHz and near 37GHz.  These resonances are related to the capacitance introduced 

between Cu layer and CPW circuit and inductance of MNWs. 

Therefore, while the Cu layer offers signal enhancement benefits that result in 

higher FMR absorption and ease of detection, it can also introduce unwanted parasitic 

resonances in the frequency domain. However, in this work, these parasitic resonant 

frequencies do not interfere with the FMR frequencies of interest. The factors that control 

the frequency and signal strength of parasitic resonances are being investigated. 

To confirm the accuracy of FMR frequency extraction in frequency domain, FMR 

frequencies of Co72-large with Cu layer is compared to the Kittel equation 2.2 and shown 

in Fig. 4.12.  The FMR frequencies of Co72-large align well with the Kittel equation. 

 

Based on Co72-large with Cu layer and using “four step methods”, the permeability 

at different DC field is shown in Fig. 4.13. The real part of permeability (𝜇′) in Fig 4.13a 

has less distortion from the board resonance, which is more accurate, compared to Co72-

large without Cu layer (Fig 4.10a). This is due to stronger FMR absorption resulting from 

 

Fig 4.12.  FMR Comparison between FMR frequencies of Co72-large extracted in frequency 

domain and the Kittel equation. 
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the Cu back layer. The average linewidth of Co72-large with Cu layer is 4.96 GHz and is 

11% smaller than the sample without the Cu layer. This shows the potential of Cu back 

layer to decrease the linewidth of the material which relates to the damping loss. The peak 

values of 𝜇′′ indicate the FMR frequencies which agree with the FMR frequencies in Fig 

4.11. 

To confirm that the Cu back layer enhancement method can be applied to the other 

material, Fe47 with NW length of 10.5 µm, NW diameter of 40 nm and porosity of 12% is 

investigated. The Fe47 MNW sample is diced with length of 3 mm and width of 2 mm. 

The anisotropy field of Fe47 is acquired by the hysteresis loop measurement with the value 

of 8270 Oe. 

 

(a) 

 

(b) 

Fig 4.13. Permeability of Co72-large with Cu layer. (a) The real part of permeability 𝜇′, (b) 

The imaginary part of permeability 𝜇′′. 
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The extracted relative permeability of Fe47 with the Cu back layer is shown in Fig 

4.14 Compared to Co MNWs, Fe MNWs possess higher FMR frequencies at low DC field 

due to higher saturation magnetization. For example, the FMR is 31.86 GHz for Fe47 at 

0.42 T (Fig 4.14b) and is 30.07 GHz for Co72-large at 0.45 T (Fig 4.13b). This feature can 

be beneficial for microwave device design when external DC field is limited but higher 

operating frequency is required. 

 

(a) 

 
(b) 

Fig 4.14. Permeability of Fe47 with Cu layer. (a) The real part of permeability 𝜇′, (b) The 

imaginary part of permeability 𝜇′′. 
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In general, using a large volume sample with Cu back layer, the FMR frequencies, 

relative permeability, and linewidth for different types of MNWs can be acquired 

successfully.   

4.4 Summary 

In this Chapter, a complete characterization method for FMR response and 

permeability extraction of MNWs are presented for communication device design.  

Three key parameters for non-reciprocal device design have been discussed. They 

are FMR frequencies, permeability tensor and FMR linewidth. They are required to design 

a device using an electromagnetic software. FMR frequency provide information of the 

ideal operating frequency bands. The permeability indicates the non-reciprocity, and the 

FMR linewidth provide the information about material loss. 

Compared to chapter 3, FMR study in chapter 4 is implemented in frequency 

domain, which is more challenge due to the RF background noise. Therefore, MNW 

samples with different volume of material are studied and Cu back layer effect is applied. 

Based on Co72-small without Cu back layer, the FMR frequencies, permeability 

and linewidth can be obtained by “four step methods” at 0.4 T in frequency domain. The 

real part of relative permeability is 7 and the imaginary part is 4.5 at FMR frequency of 27 

GHz. The linewidth is obtained with the value of 5.18 GHz. At other DC fields, the RF 

background noise cause the difficulty on the permeability extraction.   

Then, by using Co72-large without Cu back layer, FMR frequency can be obtained 

in the frequency bands that are away from board resonances. However, the extracted 
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permeability possess distortion from 25 GHz to 29.5 GHz influenced by the board 

resonances.  

To further resolve the issue, a Cu back layer is added to enhance the FMR 

absorption. Compared to the Co72-large without Cu back layer, the FMR absorption of 

sample with Cu layer possess twice higher signal magnitude, which provide ease of FMR 

detection and permeability extraction. The obtained FMR frequencies of Co72-large with 

Cu back layer aligns well with Kittel equation. Based on enhanced S11 data, the 

permeability of Co72-large with Cu layer is extracted and shows no distortion. The 

linewidth can be obtained from 𝜇′′ with the value of 4.96 GHz. To further confirm that the 

permeability extraction methods can be applied to other material, the Fe47 MNWs with Cu 

back layer are studied and the permeability is extracted successfully. Therefore, by using 

FMR characterization technique in this chapter, the three key parameters can be obtained 

from a MNW substrate.  

In summary, to design a non-reciprocal device using MNW substrate, FMR 

frequencies, permeability and linewidth need to be obtained in the frequency domain first. 

A MNW sample with large volume material and Cu back layer needs to be used to obtain 

these parameters. A small value of linewidth is preferred, which indicate low material loss. 

Then, based on FMR frequencies, the device needs to be designed close to the FMR 

resonance to gain the benefit of high non-reciprocity, but not at exact resonance point to 

avoid high loss from material absorption. And lastly, the extracted permeability can be 

imported into a commercial software to accurately model the device design. 
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Chapter 5 Cu NWs on Si as vertical via for millimeter wave packaging 

and integration 

5.1 Introduction 

In IC circuits and systems, vias play a significant role in high-speed signal 

transmission. They provide high-density interconnections between active devices as well 

as are used in grounding, signal routing, and transitions from microstrip to coplanar 

waveguide (CPW). Vias have less metal interconnection paths and therefore lower parasitic 

resistance and inductance [56], compared to conventional interconnect technology such as 

wire bonds. 

However, as the communication frequency band expands progressively into 

millimeter (30 -300 GHz) and even submillimeter wave frequencies (300 GHz - 300 THz), 

conductive loss due to higher skin depth effect and parasitic inductance in these vias 

becomes prohibitive. To resolve these issues, different substrate materials are used to 

reduce the high frequency loss, such as high resistivity silicon (Si) wafers [21]-[22], glass 

[57] and commercial anodized alumina oxide (AAO) [23]-[24].  Unfortunately, due to 

substrate thickness limitations, the thickness of vias used in these technologies falls within 

the range of 50-250 µm. This range does not satisfy the need of small package size for a 

3D IC/Si integration process [58] in CMOS applications, such as the CMOS imager sensor 

[59]. The required via thickness is in the range of 1-30 µm. Thus, a technique for fabricating 

and characterizing ultra-thin vias that are required by 3D CMOS applications is lacking.   

To address this via thickness issue, a novel integrated via structure in integrated 

AAO (iAAO) with copper (Cu) nanowires (NWs) on high resistivity Si wafer is 
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investigated. CPW lines on high resistivity Si are used to evaluate the via loss and to 

separate Si substrate loss from the via assessment. The test result shows that this integrated 

via structure provides a low power loss due to the benefit of both substrate material and 

NW properties. NWs are easily penetrated by high frequency fields due to their nano-meter 

size and therefore show less skin depth effect. By using bundles of NWs, total power loss 

can be decreased [23]. Also, by using iAAO, ultra-low via thickness can be provided and 

improved integration can be achieved. 

In this chapter, integrated Cu NW vias are studied as vertical interconnects between 

CPW lines for millimeter wave band. The skin depth effect is discussed first. Then, the 

design and simulation results are going to be shown. Next, the transmission characteristics 

of these NW vias are measured up to 40 GHz, 67 GHz, and 110 GHz. The via dimensions 

and position effects are studied. Lastly, the performance of NW and conventional via are 

compared. 

5.2 Skin depth effect 

To apply Cu NWs as vertical vias in millimeter wave, the skin depth effect which 

contributes to the conductive loss needs to be understand. Fig 5.1 shows a cross section of 

a good conductor with skin depth effect. As frequency expands to the microwave bands, 

the current flows through the outer region of the conductor, between the dashed and solid 

circle (Fig 5.1), instead of the whole cross section area. This creates higher loss. The skin 

depth, defined as 𝛿𝑠, is therefore used to describe how deep an electromagnetic wave can 

penetrate a conductor and is expressed in equation 5.1 [51]. 

𝛿𝑠 = 
1

√𝜋𝑓𝜇𝜎
                    (5.1) 
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In equation 5.1, 𝑓 is the frequency value, 𝜇 is permeability with the value of 4𝜋 x 

10-7 H/m and 𝜎 is conductivity with a value of 5.8 x 107 for Cu. For example, the skin 

depths of Cu at 40 GHz, 67 GHz and 110 GHz are 330 nm, 255 nm and 199 nm, 

respectively. Considering the Cu NWs used in this work has the diameter of 20 nm, which 

is far less than the skin depth in the frequency bands of interest, they are expected to provide 

benefits of high RF field penetration and low conductor loss.  

 

Fig 5.1.  Cross section of a conductor with skin depth effect. 

5.3 Cu NW via as vertical interconnect on Si 

To use NWs as vertical interconnect, both their AC and DC properties are important 

and need to be studied.  

In this work, the DC resistivity measurement is implemented based on integrated 

Cu NWs with 1.7 µm wire length, 20 nm pore diameter and 9 % porosity. The measured 

DC resistance and calculated resistivity are 261 Ω and 4.82 µΩ-cm, respectively. This 

result aligns well with published research on the DC resistivity of Cu NW [60]-[61]. 

For AC properties study, NW via design based on a transmission line is used and 

will be discussed in the section. 
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5.3.1 Design and simulation of CPW line with NW vias 

 

5.3.1.1 Design of CPW line with NW vias 

 

The NW vias are built on CPW structures. For AC operation, two CPW designs are 

developed, CPW design A (CPW-A) and CPW design B (CPW-B). For CPW-A, the width 

of signal line, slot, and ground are 93.9 µm, 53.05 µm and 400 µm, respectively. The CPW-

A total width is 1000 µm which guarantees single mode operation up to 60 GHz. For CPW-

B, the width of signal line, slot, and ground are 40 µm, 20 µm and 140 µm, respectively. 

The CPW-B total width is 360 µm which corresponds to the single mode operation up to 

167 GHz. The total width of CPW-A is 2.78 times wider than CPW-B. 

For both CPW configuration, two types of NW via are designed. Type 1 has a via 

width (VW) that is similar to the signal line and ground width; whereas Type 2 via has a 

fixed width and is centered on the signal line plane (S) and ground plane (G). The top views 

of both are shown in Fig 5.2, where VW and via length (VL) are defined.  

 

 

                                                                      (a) 

 

                                                                        (b) 
Fig 5.2. Top view of Type 1 and Type 2 NW via. (a) Type 1 NW via. (b)Type 2 NW via. 
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For CPW-A with Type 1 NW via design, VW on the S and G plane are 80 µm and 390 

µm, respectively. For CPW-B Type 1 NW via design, VW on the S and G plane are 30 µm 

and 130 µm, respectively. For both cases, VL is 90 µm. 

Type 2 via with different VWs and VLs are designed and studied to determine the via 

dimension effect. The dimensions considered for Type 2 vias are shown in Table 5.1. The 

VL ranges from 30 to 150 µm and the VW is 20, 30 or 70 µm. 

A study is also performed to determine the optimal via location on the G plane by 

comparing ∆x, the offset values relative to the G plane midpoint. The via location with ∆x 

= 0 µm is at the midpoint of the G plane, shown in Fig. 5.2b.  

Layouts of one-unit and five-unit CPW with NW via design are shown in Fig 5.3. In Fig 

5.3a, a one-unit cell circuit is comprised of three sections: a Via-AAO-CPW section and 

two CPW feed lines (L2). The Via-AAO-CPW section is comprised of two rectangular 

NW vias, two via to CPW transitions (T1) and a CPW line below AAO section (L1). To 

enhance the signal level of vias, a five-unit CPW circuit (Fig 5.3b) is designed to include 

5 Via-AAO-CPW sections for a total of 10 NW vias. 

 

TABLE 5.1 

SUMMARY OF TYPE 2 VIA DIMENSIONS 

CPW 

design VL (µm) VW (µm) 

A 30 S = G = 70 

 90 S = G = 30 

 90 S = G = 70 

 150 S = G = 30 

B 

 

90 S = G = 20 

150 S = G = 20 
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The total length of the one-unit and five-unit circuits are defined in equation 5.2 and 

equation 5.3, respectively. The L1 and L3 terms describe the length of CPW line below 

AAO and CPW line between the Via-AAO-CPW sections (Fig 5.3), and both of them are 

100 µm. The T1 and T2 terms describe the length of the via to CPW transition region and 

the alignment gap, which are 10 µm and 5 µm respectively.  L2 denotes the feedline length. 

For CPW-A and CPW-B, the L2 values are 460 µm and 180 µm, respectively. As an 

example, if a one-unit CPW-A design with Type 1 via has a VL of 90 µm, the total length 

of the circuit will be 1220 µm. 

Lone-unit, CPW with NW via = L1+2*L2+2*VL+2*T1                        (5.2) 

Lfive-unit, CPW with NW via = 5*L1+2*L2+4*L3+10*T1 +8*T2+10*VL      (5.3) 

 

(a) 

 

(b) 
Fig 5.3.  Top view of CPW with NW via design: (a) One-unit CPW with NW via; (b) Five-unit 

CPW with NW via. 
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In general, a length equation of a N-unit CPW with NW via (N>1) can be expressed 

using equation 5.4.  

LN-unit, CPW with NW via = N*L1+2*L2+(N-1)*L3+2*N*T1 +2*(N-1)*T2+2*N*VL      (5.4) 

5.3.1.2 Simulation results of CPW line with NW vias 

 

In this study, NW vias of different configurations are simulated using HFSS. Since 

the simulation results of one-unit CPW with different via dimensions doesn’t show 

significant difference, only five-unit CPW models are shown. 

 

The simulation results of five-unit CPW-A with Type 2 NW vias are shown in Fig 

5.4. The via dimensions that have the best (VL = 30 µm, VW =70 µm, ∆x =130 µm) and 

 
(a) 

 
(b) 

Fig 5.4.  Simulation results of five-unit CPW-A with Type 2 NW vias: (a) S21 data in dB; (b) 

S11 data in dB. 
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worst (VL = 150 µm, VW=30 µm, ∆x=0 µm) performance have a transmission loss (S21) 

difference of 0.475 dB at 40 GHz. The via position is studied by comparing the same vias 

dimensions but at different ∆x location, such as blue and red curves shown in Fig 5.4. The 

blue curve corresponds to ∆x = 0 µm and red curve corresponds to ∆x = 130 µm. When 

the via in G plane is shifted from the midpoint (∆x =0 µm) to the inner edge of slot (∆x = 

130 µm), the S21 and S11 of red curve shows higher  

and lower values, respectively, compare to the blue curve. This indicates that the via design 

expressed in red with ∆x = 130 µm has lower mismatch, more signal power transmission 

and therefore improved overall performance. 

Next, the simulation data of five-unit CPW-B with Type 1 and Type 2 NW vias are 

plotted in Fig 5.5.  Type 1 via shows highest S21 and therefore lowest insertion loss due to 

its wide VW dimensions on S and G plane, which provides the largest area for current to 

flow. For Type 2 vias with the same VW, as VL increases, the transmission path increases 

and therefore higher insertion loss is observed. Similar to the simulation results of CPW-

A, via position with higher ∆x in CPW-B provides better performance.  
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(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 
Fig 5.5.  Simulation results of five-unit CPW-B with NW vias: (a) S21 data in dB; (b) S11 data 

in dB. 

 

The simulation results indicate that via dimension with wider VW, shorter VL and 

larger ∆x should be designed for low loss via, and the experiments will be performed to 

validate it. To do so, a fabrication processes is needed to create these NW structures and 

will be presented in the next section. 

 

5.3.2 Fabrication processes of CPW line with NW and conventional vias 

 

Two processes, Process I and Process II, are developed for Cu NW vias 

fabrication. These processes create integrated NW vias in integrated AAO (iAAO) on Si. 

In Process I, NW in iAAO is fabricated before patterning. In Process II, however, NWs 

are only allowed to grow in patterned iAAO via regions. A conventional via fabrication 

process is also developed based on iAAO on Si and are used as the reference. 



84 

 

5.3.2.1 Fabrication processes of Process I: NW in iAAO as a uniform 

layer 

 

 

            (a) (b)                   (c) 
Fig 5.6. Fabrication process for Process I. 

The fabrication processes for Process I NW via is shown in Fig 5.6. The fabrication 

starts with a 500 µm thick high resistivity Si wafer with a deposited Cu layer. The Si wafer 

in use has a resistivity value of greater than 5000 Ohm-cm. Then, an evaporated aluminum 

(Al) layer is deposited on the Cu layer and anodized into 1.2 µm thick iAAO. The iAAO 

is next pore widened to an average of 20 nm pore diameter and 9% porosity. Next, Cu NWs 

are grown in the iAAO template using an electrodeposition process [62]. In step two, 

shown in Fig 5.6b, the back etching process is used to create bottom CPW lines. And the 

last step, shown in Fig 5.6c, deposits a top Cu layer to make connection between top and 

bottom CPW and form the NW via. 

 
                    (a)                                 (b) 

Fig 5.7.  (a) Scanning electron microscope (SEM) image of NW pore on iAAO surface. (b) 

Fabricated one-unit cell CPW with Type 2 NW via based on Process I. 
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 Fig 5.7 shows an example of a one-unit circuit with Type 2 via using Process I 

fabrication method. All AAO regions have NW filling are shown as dark brown in Fig 

5.7b.  Only the via region connects the top feedline section, shown in gold, and bottom 

CPW lines under iAAO with NWs.  

5.3.2.2 Fabrication processes of Process II: Cu NW in iAAO via region only 

 

 

In Fig 5.8, the Process II fabrication starts with an empty iAAO layer above Cu 

electrode. In step one, the iAAO are back etched to form the CPW (S and G plane). Then 

in step two, shown in Fig 5.8b, the Cu NWs are grown in the iAAO in via region only. In 

last step, shown in Fig 5.8c, the top metal is deposited to make the connection between top 

and bottom lines and to form the vias.  

A five-unit circuit fabricated with Process II method is shown in Fig 5.9, where the 

NWs are only grown in the via region. The iAAO, shown in non-via regions of the Via-

AAO-CPW section is empty.  

Circuits fabricated with Process I and Process II have similar via areas, but the 

number of NWs grown in S and G plane is lower in Process II. 

 
(a) (b) (c) 

Fig 5.8.  Fabrication process for Process II. 
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Fig 5.9.  Fabricated five-unit CPW circuit with NW vias based on Process II. 

5.3.2.3 Fabrication processes of conventional via 

 

 

                  (a) (b)              (c) 
Fig 5.10.  Fabrication process for conventional via. 

 

Fig 5.10 shows the fabrication process of conventional vias. The conventional via is 

fabricated on Si wafer after empty iAAO is removed as described next. 

 In step one, shown in Fig 5.10a, the empty iAAO is removed in the CPW slot and 

via regions. Then, the Cu electrode layer is etched to form bottom CPW line (Fig 5.10b). 

Lastly, the top metal is deposited to form the conventional via (Fig 5.10c).  

A fabricated five-unit circuit with conventional vias is shown in Fig 5.11, where 

iAAO is removed in the conventional via region. 
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Fig 5.11.  Fabricated five-unit CPW circuit with conventional vias. 

5.3.3 Measurement of NW via and conventional via 

 

To obtain an understanding of NW vias AC properties, NW via measurements are 

implemented in three different frequency bands. They are 0.04-40 GHz, 0.01-67 GHz, and 

0.01-110 GHz. The measurement set-up and results for Process I and Process II NW vias 

will be shown in this section. Then their results will be compared to conventional vias to 

understand the advantages of NW vias. 

5.3.3.1 Measurement system set up  

 

(1) Measurement system set-up up to 40 GHz 

 

 

Fig 5.12.  Measurement system for frequencies up to 40 GHz 
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The measurement system set-up for frequencies up to 40 GHz is shown in Fig 5.12. 

An Anritsu 37369D VNA operating from 0.04 GHz to 40 GHz is used and connected to a 

Cascade RF-1 probe station. A 500 µm thick high resistivity (>5000 Ω-cm) Si wafer is 

placed between the measurement sample and the metallic chuck for isolation. Line-reflect-

reflect-match (LRRM) calibration is performed using Cascade ACP50 probes with pitch 

of 150 µm and an ISS 101-190 calibration chip to shift reference plane to the probe tip.  

(2) Measurement system set-up up to 67 GHz 

 

 
Fig 5.13.  Measurement system for frequencies up to 67 GHz. 

 

The measurement set-up for frequencies up to 67 GHz is shown in Fig 5.13. A 

Keysight PNA operating from 0.01 GHz to 67 GHz is connected to a Cascade probe station. 

LRRM calibration is performed with Cascade IXT67 probes (pitch of 150 µm) and an ISS 

101-190 calibration chip to shift the reference plane to the probe tip.  

(3) Measurement system set-up up to 110 GHz 

The measurement set-up for frequencies up to 110 GHz is shown in Fig 5.14. A 

Keysight VNA 8361C operating from 0.01-110 GHz is connected to a Cascade probe i110 

with pitch of 50 µm. LRRM calibration method is performed with ISS138-357 calibration 

substrate to shift reference plane to the probe tip. 
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Fig 5.14.  Measurement system set-up for frequencies up to 110 GHz. 

 

5.3.3.2 Process I NW vias  

 

A specific CPW design is created for each frequency band, where CPW-A and 

CPW-B with NW vias are characterized up to 40 GHz and 110 GHz, respectively. The NW 

vias in this section are developed using Process I method. CPW with NW vias and a 

reference CPW are measured, the modeled and experimental results of CPW with NWs are 

compared, NW via dimension study is implemented and NW via loss is extracted and 

shown. 

5.3.3.2.1 40 GHz results of CPW-A with NW vias using Process I 

 

(a) Measurement results and comparison [63] 

Fig 5.15 shows measurement results of a one-unit CPW-A with Type 1 NW via and 

a 1224 µm reference CPW line. The trend of the data is similar across the band. Type 1 

NW via transmission loss is lower than the reference CPW up to 25 GHz. Above 25 GHz, 
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Type 1 NW vias shows higher transmission loss. The results indicate that Cu NW-based 

vias provide similar if not better performance to a conventional planar CPW lines. 

 

 

Fig. 5.15.  Comparison of one-unit CPW-A with Type 1 vias based on Process I and 1224 µm 

reference line, where VL= 90 µm, VW = 80 µm and 390 µm on S and G, respectively. 

 

Fig 5.16 compares the measurement and simulation of five-unit CPW-A with Type 

2 NW vias. The via area dimensions of VL=30 µm and VW =70 µm are located at ∆x =0 

µm. In the simulation, the micron-sized Cu pillar model, discussed in Chapter 2, is used to 

approximate the 9% porosity of NW vias. The comparison of S21 data shows that 

measurement results follow a similar trend to the predicted response from the simulation. 

The measured S11 data is, however, worse than predicted which might be due to the 

fabrication defects, such as over etching of the CPW slot. 
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Fig 5.16.  Comparison of HFSS simulation and measurement results of five-unit CPW-A with 

Type 2 NW vias based on Process I. VL=30 µm, VW =70 µm and ∆x =0 µm. 

 

Fig 5.17a shows the measurement results of a via width study for five-unit CPW-A 

with Type 1 and Type 2 NW vias. Three fabricated NW via structures are shown in Fig 

5.17b. All have the same VL of 90 µm. Type 1 NW vias have VW of 80 µm and 390 µm 

on the S and G plane, respectively. Two Type 2 NW vias are used and have the same VW 

on the S and G plane. One has a VW of 70 µm and the other has a VW of 30 µm. When 

VL is fixed, an increase in VW produces reduced insertion loss and reduced reflection 

coefficient, and therefore better performance. CPW with Type 1 NW via shows the best 

performance due to its widest VW on both S and G plane, which provides more area for 

current to flow through. Therefore, the wider VW is preferred for via dimension design. 



92 

 

 

Fig 5.18 shows the measurement results of a via length study for five-unit CPW-A 

with Type 2 NW vias. VW is fixed at 30 µm. The circuits with longer VL of 150 µm show 

higher insertion loss compared to the shorter VL of 90 µm. This is because the longer VL 

introduces a longer signal path which results in higher insertion loss. Therefore, shorter VL 

is preferred for via dimension design. 

 
(a) 

 
(b) 

Fig 5.17.  Via width comparison of five-unit CPW-A with NW vias based on Process I. For all 

three circuits, VL =90 µm, VW ranges from 30 µm to 390 µm. (a) Measurement results; (b) 

Fabricated structures. 
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Fig 5.18.  Via length comparison of five-unit CPW-A with Type 2 vias based on Process I in 

measurement results. For both circuits, VW =30 µm, ∆x =0 µm, VLs are 90 µm and 150 µm. 

 

Fig 5.19a shows the measurement results of a via position study for five-unit CPW-

A with Type 2 NW vias.  ∆x is used to describe the via offset relative to the midpoint in 

the ground plane width. Both circuits have the same via dimensions, VW =70 µm, VL=90 

µm. The circuits with via position at ∆x = 0 µm and ∆x = 130 µm are shown in Fig 5.19b. 

From the measurement results, higher ∆x shows lower insertion loss. Therefore, putting 

the via position on G closer to S provides better via performance.    

So far, all the via dimension and position study results aligns well with the 

simulation trend shown in chapter 5.2.1.2. For low loss via design, wider VW, shorter VL 

and larger ∆x is preferred. 
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(b) Sing G-S-G via loss extraction 

To compare the NW via in this work and other advanced via technologies, the via 

loss of single G-S-G via is needed. To achieve that, extracting the loss of Via-AAO-CPW 

section is required first. The data of five-unit CPW-A with Type 1 NW via, plotted in Fig 

5.17a will be used to determine the loss for specific via type. 

 
(a) 

 
(b) 

Fig 5.19.  ∆x comparison of five-unit CPW-A with Type 2 vias based on Process I in 

measurement results. For both circuits, VW =70 µm, VL=90 µm. ∆x is 0 µm and 130 µm. (a) 

Measurement results; (b) Fabricated structures. 
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Fig 5.20.  Top view of five-unit CPW with Type 1 NW vias. 

 

Fig 5.20 shows a five-unit CPW with vias includes two feed line (L2), four CPW 

sections (L3) and five Via-AAO-CPW sections. To find the loss of one Via-AAO-CPW 

section, the influences from different CPW line segments (L2 and L3) must be removed. 

To do that, a de-embed method based on transmission matrix ([T]), is used. The [T] matrix 

is obtained from the conversion of [S] matrix using equation 5.5, equation 5.6, equation 

5.7 and equation 5.8 [51]. 

𝑇11 =
− (𝑆11∗𝑆22−𝑆12∗𝑆21)

𝑆21
                           (5.5) 

                              𝑇12 =
𝑆11

𝑆21
                                                  (5.6) 

𝑇21 =
−𝑆22

𝑆21
                                                 (5.7) 

𝑇22 =
1

𝑆21
                                                   (5.8) 

 

Then, five-unit CPW with NW vias can be expressed with the multiplication of [T] 

matrix from each section using equation 5.9, where Tfive-unit, CPW with NW via is [T] matrix of 

five-unit CPW with NW via, TL2 is [T] matrix of L2 section, Tvia-AAO-CPW is [T] matrix of 

Via-AAO-CPW section and TL3 is [T] matrix of L3 section. 
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Tfive-unit, CPW with NW via = TL2* (Tvia-AAO-CPW * TL3 )
4* Tvia-AAO-CPW * TL2             (5.9) 

Next, TL2 and TL3 are calculated using measurement results of two standard CPW 

lines, C1 and C2: 1) C1 is comprised of two L2 sections and one L3 section with the total 

line length of 1020 µm; 2) C2 is comprised of the two L2 sections and two L3 section with 

the total length of 1120 µm. The [T] matrix of C1 (TC1) and C2 (TC2) can be expressed 

using equation 5.10 and 5.11. 

TC1=TL2*TL3*TL2                                                (5.10) 

TC2= TL2*TL3*TL3*TL2                                     (5.11) 

Then, TL2 and TL3 are acquired using equation 5.12 and equation 5.13. 

 TL2=(T-1
C1*TC2*T-1

C1) 
1/2

                        (5.12) 

 TL3= T-1
L2*TC1* T-1

L2                                            (5.13) 

Based on TL2 and TL3 and T five-unit, CPW with NW via, [T] matrix of Via-AAO-CPW, Tvia-

AAO-CPW, is obtained in equation 5.14. 

T via-AAO-CPW = (T-1
L2* T five-unit, CPW with NW via * T-1

L2 *TL3 )
1/5* T-1

L3             (5.14) 

 

By converting T via-AAO-CPW back to the [S] matrix, the insertion loss of a Via-AAO-

CPW section is acquired and has the value of 0.043 at 20 GHz, 0.07 at 30 GHz and 0.095 

at 40 GHz (in dB).  

Next, to find the loss of a single G-S-G via, the loss of CPW below AAO section 

(L1) needs to be removed from the Via-AAO-CPW section data. The simulation results of 

CPW below AAO is used to approximate the loss, which is calculated using S parameters 

based on equation 5.15 [51]. The loss value is 0.024 at 20 GHz, 0.0379 at 30 GHz and 0.04 

at 40 GHz (in dB).  
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                      𝐿𝑜𝑠𝑠 = −10 ∗ log10(
|𝑆21|∗|𝑆12|

1−|𝑆11|∗|𝑆22|
)                  (5.15) 

Therefore, the loss of each Type 1 NW G-S-G via loss is 0.0095 at 20 GHz, 0.016 

at 30 GHz and 0.0275 at 40 GHz (in dB). 

Table 5.2 shows the comparison of the Type 1 via design to other via technologies. 

Compared to the via from the other work, the vias in this work has much thinner thickness 

and the lowest single G-S-G via loss with the value of approximately 0.0275 at 40 GHz.  

The total loss of a test line with two G-S-G vias is compared in the fourth column of the 

Table 5.2. In [23], a 0.2 mm long signal line with two 50 µm thick vias is presented and 

have total signal path length of 0.3mm, which is very similar to that in this work. Yet, the 

total loss for this work, 0.095 dB at 40 GHz, is 45 % of that in [23]. This comparison shows 

promise for the proposed via technology in this work.   

5.3.3.2.2 110 GHz results of CPW-B with NW via using Process I 

 

The CPW-B with NW vias are fabricated and measured up to 110 GHz Process I. 

The measurement system set-up was shown in Fig 5.14. Fig 5.21 shows the five-unit CPW-

B with Type 1 and Type 2 NW vias that is measured in this section. 

TABLE 5.2 

COMPARISON OF VIA TECHNOLOGIES FOR MILLIMETER-WAVE FREQUENCY RANGE 

Ref. 

Substrate 

Type 

Loss of one 

G-S-G via 

(dB) 

Insertion loss of 

test line with 

two G-S-G vias 

at 40 GHz  

(dB) 

Via size 

 

Via 

Thicknes

s (µm) 

Line 

Length 

(mm) 

 

[21] Si: 5000 Ωcm 

resistivity 

0.53  

at 75 GHz 

0.93 Via diameter =42 µm 252 3.15 

[22] Si: High resistivity 0.03  

at 40 GHz 

~ 0.3 Via diameter =200 µm 100 2.7 

[23] AAO 0.035  

at 40 GHz 

~ 0.21 2030 µm2 50 0.200 

This 

work 

Si: 5000 Ωcm 

resistivity (CPW) 

& AAO (via) 

~ 0.0275 

 at 40 GHz 

0.095 

(Via-AAO-

CPW section) 

S: VL x VW = 90 µm80 µm 

G: VL x VW = 90µm390 µm 

1.2 0.300 
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Fig 5.22 shows measurement results of a five-unit CPW-B with Type 1 NW via and 

a 2320 µm reference CPW line. The trend of the data is similar across the band. Type 1 

NW via transmission loss is higher than that of the reference CPW up to 75 GHz. Above 

75 GHz, Type 1 NW vias shows lower transmission loss. These results indicate that in 

CPW-B Cu NW-based vias provides better performance to a conventional planar CPW 

lines above 75 GHz. 

 

Fig 5.22.  Comparison of five-unit CPW-B with Type 1 NW via based on Process I and its 

2320 µm reference CPW line. For Type1 NW vias, VL=90 µm, and S and G has VW = 30 

µm and 130 µm, respectively. 

 
(a) 

 
(b) 

 
(c) 

Fig 5.21.  Fabricated five-unit CPW-B with NW vias based on Process I. (a) Type 1 via with 

VL= 90 µm and VW = 30 µm and 130 µm on S and G, respectively; (b) Type 2 via with 

VL= 90 µm, VW = 20 µm and ∆x = 0 µm; (c) Type 2 via with VL= 150 µm, VW = 20 µm 

and ∆x = 0 µm. 
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 Fig. 5.23 shows the comparison of CPW-B circuit with Type 1 and Type 2 NW 

vias. Both designs have VL fixed at 90 µm. Type 1 NW via has VW of 30 µm and 130 µm 

on S and G plane, respectively. Type 2 via has VW of 20 µm. CPW with Type 1 NW via 

shows lower insertion loss and lower reflection coefficient compared to that of Type 2 NW 

via. This is because Type 1 via possesses wider VW for both S and G plane which provide 

larger cross section for current to go through. This conclusion aligns with the via width 

study for CPW-A, discussed in chapter 5.2.3.2.1. The results confirm that for via design in 

both 40 GHz and 110 GHz frequency bands, wider via width is preferred for lower loss. 

 
Fig 5.23.  Comparison of five-unit CPW-B with Type 1 and Type 2 NW vias based on 

Process I. For Type1 NW vias, VL=90 µm, and S and G has VW = 30 µm and 130 µm, 

respectively. For Type 2 NW via, VL=90 µm, VW = 20 µm and ∆x= 0 µm.  

 

Fig 5.24 shows the NW VL study for CPW-B with Type 1 NW via. The VW is 

fixed at 20 µm. The VL of 90 µm and 150 µm are studied. Similar to the VL study for 

CPW-A, the conclusion of VL study based on CPW-B is that longer VL performs worse 
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due to the longer signal path and therefore higher introduced insertion loss. Therefore, for 

via design in both 40 GHz and 110 GHz frequency bands, shorter VL is preferred. 

 

Fig 5.24.  VL study of five-unit CPW-B with Type 2 NW via based on Process I. For both 

circuits, VW = 20 µm and ∆x =0 µm. 

 

In general, NW via based on Process I shows promising results compared to 

reference CPW. Via dimension and position effect study shows that wider VW, shorter VL 

and larger ∆x provides better performance.  

 

Fig 5.25.  Comparison of NW via based on  Process I and Process II using one-unit CPW-A, 

where VL=150 µm, VW = 30 µm and ∆x =130 µm.  
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5.3.3.3 Comparison of Process I and Process II NW vias  

 

In this section, NW via will be performed using Process II, where NWs are grown 

only in the via region, whereas Process I NW via has NWs grown in all AAO regions. Due 

to fabrication differences, compared to Process I, Process II NW vias have lower filling 

factor and extra Cu above the AAO substrate. A lower NW filling factor is expected to 

impact and degrade the RF performance, whereas extra Cu above the AAO provides extra 

current flow region and therefore improves the performance.  

Therefore, the measurement of Process II NW via and its comparison with the 

Process I is needed. 

Fig 5.25 shows the results of one-unit CPW-A with NW vias based on Process I and 

Process II. Measurements are performed and compared up to 40 GHz. For both S11 and S21 

data, Process II and I show close performance despite of different number of NWs and extra 

Cu above iAAO. 

5.3.3.4 Comparison of NW and conventional vias  

 

The NW vias are compared to conventional vias to determine if the NW structure 

provides a benefit. If so, quantifying the benefit of NW via performance needs to be 

implemented.  

Fig 5.26 shows the comparison of five-unit CPW-A with Type 2 NW based on 

Process I and conventional vias in the 67 GHz. The via dimensions are VW = 30 µm, VL 

= 90 µm, and located at ∆x = 0 µm. When compared to the conventional vias, NW via 

based on Process I shows lower insertion loss but higher reflection coefficient. It is not 

clear which type of via performs better. 
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Fig 5.26.  Comparison of Type 2 NW via based on Process I and conventional via. VW 

=30µm, VL=90µm and ∆x = 0µm. 

 

Fig 5.27 shows the comparison of five-unit CPW-A with Type 2 NW based on 

Process II and conventional vias in the 67 GHz. The via dimensions are VW = 70 µm, VL 

= 30 µm, and located at ∆x = 130 µm. When compared to the conventional vias, NW via 

based on Process II shows lower insertion loss across the 67 GHz band and lower reflection 

coefficient up to 32.17 GHz. 

 
Fig 5.27.  Comparison of Type 2 NW via based on Process II and conventional vias, where 

VW= 70µm, VL = 30 µm, ∆x = 130µm. 

 



103 

 

So far, the comparison of NW and conventional vias is based on a full five-unit circuit 

and depends on two S parameters, S11 and S21. The fabrication variation of different CPW 

sections such as feedline (L2) and CPW line between Via-AAO-CPW sections (L3) 

introduces the error. Also, two S parameters can provide opposite conclusion for via 

performance. Therefore, it is difficult to determine which type of vias perform better. The 

total loss of Via-AAO-CPW section for each type of via needs to be extracted and used to 

do a further comparison. 

To obtain the loss of Via-AAO-CPW section up to 67 GHz, a different de-embed 

method is required to be used for analyzing the NW and conventional vias. Previously in 

chapter 5.3.3.2.1, the loss of Via-AAO-CPW is determined by removing the loss of L2 and 

L3 sections in the five-unit circuit using the transmission matrix extraction method. 

However, above 40 GHz, for line lengths of 1020 µm and 1120 µm associated with L2 and 

L3, respectively, the contact repeatability introduces unwanted noise, and the signal 

variation produces unwanted resonances in the extraction matrix data. To overcome this 

problem, a new method is used that excludes consideration of L2 and L3 loss, explicitly.  

The new method, described by equation 5.17, uses the calculated value for total loss of 

five-unit CPW with vias (𝐿𝑜𝑠𝑠𝑓𝑖𝑣𝑒−𝑢𝑛𝑖𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡) obtained by equation 5.15 and the 

measurement of two new standard CPW lines with lengths of 1140 µm and 2880 µm. First, 

the loss per µm of a CPW line (𝐿𝑜𝑠𝑠1𝑢𝑚) is determined using the two new lines in equation 

5.16, where the loss of each line, described as  𝐿𝑜𝑠𝑠1140𝑢𝑚 and 𝐿𝑜𝑠𝑠2880𝑢𝑚, are also 

calculated using equation 5.15.  

       𝐿𝑜𝑠𝑠1𝑢𝑚 = (𝐿𝑜𝑠𝑠2880𝑢𝑚 − 𝐿𝑜𝑠𝑠1140𝑢𝑚)/1740                                       (5.16) 
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Next, the loss of Via-AAO-CPW section, defined as 𝐿𝑜𝑠𝑠𝑉𝑖𝑎−𝐴𝐴𝑂−𝐶𝑃𝑊, is calculated 

using equation (5.17). 

             𝐿𝑜𝑠𝑠𝑉𝑖𝑎−𝐴𝐴𝑂−𝐶𝑃𝑊 =  
𝐿𝑜𝑠𝑠𝑓𝑖𝑣𝑒−𝑢𝑛𝑖𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡−𝐿𝑜𝑠𝑠1140𝑢𝑚−𝐿𝑜𝑠𝑠1𝑢𝑚∗180

5
                 (5.17) 

Fig 5.28 shows the calculated loss comparison of Via-AAO-CPW for NW via based on 

Process I and conventional via. The NW via based on Process I shows lower loss and 

therefore better performance than conventional via up to 45 GHz. The loss difference of 

0.035 dB at 30 GHz is observed. For data above 45 GHz, they have similar value. 

 

Fig 5.29 shows the Via-AAO-CPW loss comparison of NW via based on Process II 

and conventional via. Similarly, NW via based on Process II shows lower loss and therefore 

better performance compared to the conventional via up to 45 GHz. The loss difference of 

0.023 dB at 30 GHz is observed. Above 45 GHz, the extracted loss is noise, and it is difficult 

to determine which type of via performs better.  

 
Fig 5.28.  Comparison of Via-AAO-CPW loss of NW based on Process I via and conventional 

vias, where VW =30µm, VL=90µm and ∆x = 0µm. 
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In summary, NW vias, which allow signal transmission along with wire axis, 

provide benefit of low loss. The CPW with NW vias shows lower loss and better 

performance compared to the conventional vias up to 45 GHz.  

5.4 Summary 

In chapter 5, Cu NWs are studied as vertical vias for future communication 

application. Both DC and AC properties of NW vias are obtained. For DC resistance 

measurement, the resistivity of 4.82 µΩ-cm is obtained. For AC properties measurement, 

CPW with NW vias are designed and characterized.  

Two processes, Process I and Process II are developed for NWs vias with 9 % 

porosity, 20 nm diameter and 1.2 µm thickness. The former one has NWs grown in the 

iAAO regions as a uniform layer, whereas the latter has NWs grown in the via region only. 

As a reference, a fabrication process of conventional via has been developed.  

 
Fig 5.29.  Comparison of Via-AAO-CPW loss of NW via based on Process II and conventional 

vias, where VW = 30µm, VL=70µm and ∆x = 130µm. 
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Based on Process I NW vias, different via dimensions and positions are designed, 

fabricated, and measured up to 40 GHz and 110 GHz. The results show that NW vias with 

wider VW, shorter VL and larger ∆x have better performance. The loss of single G-S-G 

Type 1 NW via based on Process I is approximately 0.0275 dB at 40 GHz, which is 

promising compared to the other advanced via technologies. 

The measurement comparison between NW vias based on Process I and II show 

similar results. NW vias based on Process I and Process II shows better performance than 

conventional via up to 45 GHz. Compared to the conventional via, a 0.035 dB and 0.023 

dB lower loss at 30 GHz is observed for NW vias based on Process I and Process II, 

respectively.  These results indicate the great potential of using Cu NWs as vertical 

interconnect.  

In summary, the study in this chapter provides deep understanding for the NWs 

application in millimeter wave band communication technology. Cu NWs shows great 

potential to be vertical vias. 
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Chapter 6 Conclusion and future work 

6.1 Conclusion 

In this thesis, magnetic and Cu nanowires (NWs) are studied and characterized for 

two applications: biomedical labeling and communication.  

A model has been developed to determine the FMR responses of single and array 

of magnetic nanowires (MNWs).  The FMR frequencies can be predicted using Kittel 

equation. The susceptibility and linewidth of MNWs can be obtained by using 

micromagnetic software, like OOMMF and NMAG. As an example, the single and array 

of cobalt (Co) MNWs with 40 nm diameter and 800 nm length is simulated at 0.2 T DC 

field with the bulk mode FMR frequencies of 30 GHz and 21.4 GHz, respectively. The 

array shows lower FMR frequency due to the dipolar interaction effect between each NWs. 

In experiments, MNWs are fabricated in 50 µm thick commercial anodized 

aluminum oxide (AAO) template. Two methods are developed for MNW characterization: 

DC field domain and frequency domain.  

To characterize the MNWs in DC field domain, a VNA-FMR system is developed 

to acquire the FMR responses from S parameters. Magnitude method and phase analysis 

methods (PAM), which obtain the FMR frequencies using the magnitude and phase 

derivative of the S parameters, respectively, were proposed. Both methods determine the 

FMR frequencies accurately with good agreement between the experimental data and 

predicted data from the Kittel equation. For magnitude method, the factors that influence 

FMR responses has been studied, such as Cu back effect, position effect and volume effect. 

From these studies, the FMR signal strength can be enhanced by adding a Cu back layer, 
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putting the MNW sample on the slot of CPW, making the AC field direction perpendicular 

to the magnetization, and using a one-port test circuit instead of a two-port test circuit. The 

detection ability of the system used in this work was determined with the smallest 

detectable Co volume and magnetization of 2.2x10-4  mm3 and 317 µemu, respectively. The 

PAM method is compared to the magnitude method and shows advantages in determining 

the FMR frequencies in DC field domain with overlapping linewidth and in providing 

information on moment direction. The position effect and volume effect were investigated 

for PAM method. It showed that the variation of sample size and position don’t influence 

the FMR frequencies obtained from PAM method. Based on magnitude method and PAM 

method, a tri-labeling system has been proposed using Co, nickel (Ni) and iron (Fe) MNWs 

that shows the potential of MNW for biosensor application with multiple biomarkers.  

In the previous study, MNWs are aligned in the same direction and spaced equally 

in a hexagonal orientation. However, these conditions cannot be satisfied, when MNWs 

are measured in a polycarbonate or in a biological sample. Both detection and identification 

can be achieved for MNWs in polycarbonate when equal spacing is invalid, whereas only 

detection can be achieved for MNWs in the biological sample when both alignment and 

equal spacing are invalid. 

Next, MNWs are characterized in frequency domain as a magnetic substrate. The 

small volume of Co MNWs without Cu layer is characterized first using “four step 

methods”. The FMR frequencies and permeability at 0.4 T can be obtained. But the 

responses from other fields are influenced by RF background noise and their permeability 

cannot be extracted. Therefore, large volume Co MNW sample is used, which provides 

FMR frequencies in the frequency bands that are away from board resonances. However, 
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the extracted permeability possess distortion from 25 GHz to 29.5 GHz influenced by the 

board resonances.  To resolve this issue, a Cu back layer is added and provide successful 

permeability extraction on both large volume Co and Fe MNW samples.  

To study the copper (Cu) NWs as vertical vias, a coplanar waveguide (CPW) line 

with NW via structure is designed and modeled. The 5.5 µm by 5.5 µm micron-sized Cu 

pillar with 17.5 µm interwire distance structure is used to replace the NW vias and to reduce 

the computation time. The simulation results of NW-based via indicate that this design can 

transmit signal along the NW wire axis successfully.  

Then a CPW with NW via design is fabricated using Process I and Process II. They 

show similar performance across the frequency band of 0.01 - 67 GHz. Process I is studied 

primarily with measurements in three frequency bands: up to 40 GHz, up to 67 GHz and 

up to 110 GHz. The via dimension and position effect are studied. To design a low loss 

via, the wider via width, shorter via length and location closer to the CPW slot is preferred. 

The loss of single G-S-G NW via is extracted with the value of ~0.0278 dB at 40 GHz. 

Compared to other advanced via technologies, the via proposed in this work is promising. 

To determine the benefit of NW via, it is compared to the conventional via and show lower 

loss up to 45 GHz. Compared to the conventional via, a 0.035 dB and 0.023 dB lower loss 

at 30 GHz is observed for NW vias based on Process I and Process II, respectively.   

6.2 Future work 

To use MNWs as bio-labels, the detection and identification are required. However, 

the identification is lacking with current approach. The next step is to study a biological 

sample with MNWs in a liquid environment.  Fe MNWs are preferred due to their high 
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saturation magnetization, which will provide strong FMR signal. In liquid environment, an 

external DC field could be used to align the NWs inside the cells to provide aligned 

orientation. In this way, the identification of MNWs inside cells is expected to be achieved 

even if no template is used. 

For non-reciprocal device design, the next step will be to fabricate several Fe or Co 

MNW samples and characterize their performance at zero DC fields to obtain the FMR 

frequencies, permeability, and linewidth. The smallest linewidth is preferred. Then, based 

on the FMR frequency, the operation frequency band can be determined. By importing the 

extracted permeability into HFSS, the circuit with MNW substrate can be modeled and 

optimized to design a prototype for measurement.  

For Cu NW used as vertical vias in integrated circuits (IC), the next step for this 

work is to further investigate the RF performance for NW vias with different wire diameter 

and porosity. The higher porosity and diameter are expected to provide higher signal 

transmission and better RF performance due to higher current flow area. But when the 

diameter is close to the skin depth at specific frequency, such as 330nm at 40GHz, the 

performance is expected to degrade. Therefore, a proper NW dimensions need to be 

investigated for specific frequency bands. Moreover, the NW vias will be studied for use 

in different integrated components or designs, such as transition from microstrip to CPW, 

inductors or capacitors.  
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Appendix A Ferromagnetic resonance simulation procedure using 

OOMMF and NMAG 

 

    The simulation procedure is modified from [29]. The procedure steps are:  

1. Set initial magnetization direction in the x direction, shown in Fig 2.4.  

2. Add external DC magnetic field along with wire axis, z direction.  

3. Start the simulation and reach the steady state of material, shown in Fig 2.5.  

4. Add a pulse field as AC field in the y direction. 

 5. Calculate FMR response from 𝜒 =
𝑀(𝜔)

𝐻(𝜔)
= 𝜒′(𝜔) − 𝑗𝜒′′(𝜔), where 𝑀(𝜔) and 

𝐻(𝜔) are magnetization and AC magnetic field in frequency domain. 𝜒′(𝜔) and 𝜒′′(𝜔) 

are real and imaginary part of susceptibility in frequency domain. By plotting 𝜒′(𝜔) and 

𝜒′′(𝜔) with respect to the frequency in x or y direction, the FMR frequencies can be 

obtained from peak or dip of 𝜒′′. 

 

 

 

 


