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Abstract 

Portable electronic devices are comprised of a secondary battery or DC charge source and due to abrupt 

micro-current alteration and short circuit overcurrent; fire and explosions can happen. A protecting device 

should steadily cater to phenomena like overcurrent situation and micro-current alter state to avoid any 

hazardous circumstances. In this work, high current protecting multi-layered thin film triode micro fuses 

are designed and simulated using the MEMS-based tool of COMSOL Multiphysics software and then 

the device has been fabricated using the RF magnetron sputtering method and then electrically analyzed 

to compare between simulation and experimental data. To design a low melting point-based alloy for fuse 

element and negative temperature coefficient (NTC) based metal oxide functions as a heater material and 

to control high current high power is the primary purpose of this investigation. A Lead-tin (90Pb:10Sn) 

alloy has been employed as the low melting point-based fuse element and tungsten oxide (WO3) is 

integrated with the layer as a self-heating resistor material. The electro-thermo-mechanical behavior is 

assessed, and a three-dimensional time-dependent modelling and simulation technique has been 

performed in both steady state and transient conditions with varying some physical and electrical 

parameters. The triode fuse simulated data shows that around 5.6A current the device temperature reaches 

to nearly 300°C and thus the triode fuse works by blowing the fuse. More importantly, after fabricating 

the device experimentally using nanofabrication technique, electrical characterization has been performed 

and experimental data almost provides similar result. The triode micro fuse device let current flow until 

5A current, and the temperature distribution of the device follows simulated phenomena, thus blows at 

5A current. This device completely suited for portable secondary battery protection system where current 

rating is like this device’s rated current. This advanced research will facilitate a new class of portable micro 

fuse to be assembled with triode mechanisms in real-time technology for self-control protector.  
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The Purpose of this chapter is to provide a general framework and introduction for the work 

presented in this master’s thesis. This chapter is divided into three sections, addressing the 

research motivations, objectives, and thesis organization.  

1.1 Motivation 

Due to its high energy density and high current supply per unit mass and volume, high-

capacity lithium-ion batteries (LIBs), which are employed not only in portable electronics, such 

as computers and cell phones but also attracting the most attention among electric or hybrid 

vehicles and energy storage systems. Actually, LIBs’ superior performance and energy density 

have made them more attractive in all of these applications. Furthermore, LIBs now dominate 

the battery market for portable electronic devices due to their inherent benefits over other 

battery systems, including high specific capacity and voltage, reduced memory, outstanding 

cycling performance, low self-discharge, and a wide operating temperature range. However, 

the low safety performance of Electric Vehicles is now impeding the further expansion of the 

LIB market and its large-scale applications. Small and medium-sized secondary batteries used 

in portable devices have recently evolved into adequate forms to meet the demands of energy 

storage systems, such as reliable driving, long-term use, and rapid charging and discharging. 

However, frequent charging and discharging of lithium-ion batteries can result in unwanted 

overcurrent, overvoltage, overloads, and other issues. When a battery is overcharged or 

discharged or is subjected to an external or internal short circuit, it is vulnerable to electrical 

abuse, resulting in a sequence of unfavorable electrochemical processes. As a result, battery 

runaway, battery fire accidents and battery explosions are likely to be happened and lead a 

massive threat in the safety of users. In addition, substantial economic challenges for connected 

market sectors have arisen, as well as significant damage to LIBs' reputation taken placed. To 

avoid secondary battery fires and explosions caused by such electrical abuse, it is necessary to 

install a fuse that prevents current input by functioning when the incoming current rises from 

its rated value [1,2]. 
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1.2 Working principle 

Positive temperature coefficient (PTC) resistors and thermal fuses are the most common 

secondary protection devices. Although a PTC resistor can be controlled in both directions, 

problems such as delayed response time, finite breaking current, and significant leakage current 

must still be addressed [3].  

In today's energy networks, a high-capacity electric fuse is essential [4]. Fuse have been used 

in low and medium voltage distribution network electrical installations for many years, and 

their behavior has been thoroughly investigated. They usually function at a lower current than 

their nominal current or under excess, or short-circuit, currents for a brief period. The Joule 

heating generated on the fuse element dissipates to the element's surrounding environment 

during operation [5].  

We have developed a triode micro fuse by motivating from nanofabrication techniques and 

utilizing the advantage of excellent material available. The triode micro fuse device comprised 

of a stable substrate, conducting electrode, Negative temperature coefficient of resistance 

(NTCR) characteristics-based heater resistance, and an alloy as a fuse material. 

In brief the objectives of this work are illustrated below:  

▪ Self-heating or joule heating observation 

▪ Heat transfer mechanism 

▪ High current control mechanism in small size device 

▪ Low melting point-based fuse material operation 

This investigation and analysis are based on theory, simulation and experimental basis and the 

findings has been discussed thoroughly.  

 

1.3 Thesis organization 

The aim of this study is to show how the author’s analysis was presented on theoretically, 

in a simulating manner and experimentally. The theoretical investigation, simulation based on 

parameter, fabrication techniques, electrical characterization of triode micro fuse device were 

all examined in depth. Furthermore, the capabilities of using this micro-fuse device on portable 

battery safety applications has been discussed. The thesis is organized as follows: 
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Chapter 1. Introduction 

A short introduction and motivation behind the study, and overall works contents are illustrated 

in this section.  

Chapter 2. Design of triode micro fuse 

Backgrounds of this study along nanomaterials familiarization, design and the state of the art 

are discussed elaborately in this section.  

Chapter 3. Modeling and simulation 

The structure of the device along with the width, length, thickness of different layer material, 

electrical and mechanical properties, meshing of the device, physics that describes specific 

phenomena and their analysis were explained elaborately in this section.  

Chapter 4. Fabrication of triode micro fuse 

All experimental steps and device fabrications process along with the experimental tools and 

their processes were clarified extravagantly in this part. 

Chapter 5. Electrical characterization setup and characterization analysis of triode micro fuse 

device 

Chapter 6. Conclusion and future work 

The overall outcomes of this research are summarized in this section. Additionally, some 

suggestions for the improvement of this model for high power and high current control 

applications were discussed and analyzed for the future work.  
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Background and the necessity of this research, working mechanism, theoretical 

background to this research have been discussed in this chapter.  

 

2.1 Literature Review 

Li-ion Rechargeable (also known as secondary) batteries are becoming increasingly 

vital in the ongoing endeavor to minimize greenhouse gas emissions and promote the usage of 

renewable energy sources and energy transmitters. They make the energy derived from these 

sources more consistent and enable the use of this "green energy" in a much wider range of 

applications, such as in the automotive industry, where the number of electric (EV) and hybrid 

electric (HEV) vehicles is steadily increasing.  

As a result, there is considerable interest in incorporating this efficient energy storage 

technology into other strategic systems, such as the main electrical grid, in the form of large 

stationary battery systems, and the aeronautical and aerospace industries, where high power 

and energy densities are required. Lithium ion (Li-ion) cells are a particularly intriguing 

alternative among the numerous types of rechargeable batteries available. They have already 

been steadily embraced in several applications such as mobile phones, portable computers, and 

many more. These batteries high energy density, high power density, and long cycle life, as 

well as other advantageous features like lack of memory effect and low self-discharge rate, 

making them ideal for a wide range of applications, particularly where high loads and small 

volumes are required. 

However, in addition to a number of operational limitations, such as gradual capacity loss and 

the negative impact of temperature, a series of accidents, some of which occurred only recently, 

point to significant drawbacks and limitations in terms of reliability and, above all, safety, 

which hinders their adoption in a larger battery market. Figure 2.1 illustrates the types of 

electrical abuse that occurs due to the frequent charging and discharging process of portable 

battery.  

 

 

 



7 
 

 

Figure 2. 1 Portable device’s battery problem 

 

There have been numerous incidents of Li-ion batteries catching fire and exploding. Apart from 

electric vehicles fire incidents, other Li-ion battery-powered devices, such as notebook 

computers, hoverboards, and electronic cigarettes, have also been referenced in fire-related 

events. Figure 2.2 shows incidents occurred due to the portable device battery problem. 

 

Figure 2.2 Portable device’s hazardous situation 

 

The motivation can be demonstrated by the Figure 2.3 where within small area high power-

based device’s excess current can be interrupted by melting fuse element thus breaking the 

circuit rapidly.  

 

Figure 2.3. Motivation behind triode micro fuse device 

Size limitation and lack of proper packaging of micro fuse device with the portable battery is 

one of the challenges that arises when it is crucial to design a protection system. And the micro 
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fuse device normally can control very low current which also hinders the applicability of the 

micro device in high power and high current applications. From using that motivation, a new 

triode structure based micro fuse device which can interrupts the high short circuit current, or 

overcurrent arises from overcharging and overvoltage.  

 

2.2 Design for triode micro fuse device materials 

2.2.1 Conductive Electrode 

We have considered some parameters and attributes for selecting device material. Some 

of the attributes that conductive film materials should have include good electrical properties, 

thermal properties, solderability, high melting point, and low oxidation. Due to their low 

melting points, zinc, lead, and tin are not used as conductive materials. Copper has good 

thermal and electrical qualities, although it oxidizes easily at exalted temperatures. It might 

still be used provided the conductive film was shielded against oxidation, for as by utilizing 

inert protective coatings like graphene oxide-polymer composite [6]. Aluminum has poor 

thermal and electrical properties, and when exposed to air, it readily oxidizes. Gold has 

excellent thermal and electrical qualities, as well as chemical stability, but it has weak adhesive 

properties and is quite expensive. Silver has the best overall electro-thermal physical qualities 

of all the metals, including low electrical resistance, high thermal conductivity, a high melting 

point, and great oxidation resistance. Despite its relatively expensive cost, silver is widely 

believed to be the most widely utilized metal in semiconductor fuse design.  

Mechanically, conductive film materials should have good adhesion to the substrate, a low 

Young's modulus, a thermal expansion coefficient that is preferably comparable to that of the 

substrate, a high yield stress, and a high creep strength. The thermal expansion coefficients of 

silver, gold, and copper are all insignificant. Silver and gold have the least yield stress of the 

three metals. Zinc and lead both have strong thermal expansion coefficients and lead also has 

a low yield stress. Because metals with high electrical conductivity typically have low adhesion 

to substrates, neither silver nor copper have particularly good adhesion to ceramic substrates. 

To improve the adhesion property, intermediate layers of Vanadium, chromium, or nickel 

might be utilized [7]. Copper and probably silver are the only metals with mechanical 

characteristics that are attractive.  
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2.2.2 Device Substrate 

The substrate acts as a mechanical platform for the element, as well as a heat conductor 

for the current-carrying conductive layer. As a result, superior thermal properties at ambient 

and working temperatures are preferred, but less favorable thermal properties at high 

temperatures are undesirable. This is because an increase in the thermal time constant speeds 

up the fuse action at high temperatures, which occur under short circuit situations. Excellent 

Electrical insulation properties, high melting point, good mechanical strength, good resistance 

to thermal shock, relative high surface smoothness have been considered to choose the 

substrate material. High surface smoothness is very essential if the thickness of the conductive 

film is small. Polished alumina exhibits small grain size and thus provides better surface 

smoothness. However, in other applications, such as electroless plating, a somewhat high 

surface roughness might be desirable since it allows for effective mechanical bonding. But 

depending on the pre arching thermal absorption capability, alumina suits more as a substrate 

material.  

Hence, Silver films on alumina substrates were chosen as the conductive film and substrate 

material for this study because they were thought to have the best overall electro-thermo-

mechanical properties.  

The details of the electro thermal properties and mechanical properties have been listed on 

Table 2.1 below. 

Table 2. 1 Electrical and Mechanical properties of different metal 

Material 

Electro Thermal Property Mechanical Property 

Electrical 

Resistivity 

Thermal 

Conductivity 

Melting 

Point 

Thermal 

Expansion 

Coefficient 

Young's 

Modulus 

Yield 

stress 

10-8 Ohms/m W/m° C °C 10-6 °C-1 GN/m2 MN/m2 

Silver 1.47 428 961 19.1 82.7 29.4 

Copper 1.55 403 1083 17 130 69-287 

Gold 2.05 319 1063 14.1 78.5 
29.4-

39.2 

Aluminum 2.5 236 659 23.5 70.6 35.3 

Zinc 5.5 117 420 31 104.5 104 

Tin 11.5 68 232 23.5 49.9 N/A 

Lead 19.2 36 328 29 16.1 4.9-9.8 
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2.2.3 Heater Material 

Thermally sensitive semiconductor resistors with a considerable reduction in resistance 

as temperature rises are known as negative temperature coefficient of resistance (NTCR). 

When a current pass through the NTC resistance, however, it heats up due to power dissipation 

[8]. Resistance follows an exponential law in terms of temperature dependency. These 

resistor’s NTC feature makes them ideal for use as thermistors in temperature sensing and 

continuous overheat detection applications [9].  

The resistance variation with temperature is measured using the temperature coefficient of 

resistance (TCR), dR/dT. Positive temperature coefficient of resistance (PTCR, dR/dT > 0) 

represents the increase in resistance as temperature rises, while negative temperature 

coefficient of resistance (NTCR, dR/dT < 0) indicates the decrease in resistance as temperature 

goes up [10]. NTC resistors are made up of multivalent transition metal oxides like WO3, NiO, 

Mn3O4, Co3O4, Cu2O3, and Fe2O3, which produce a complex spinel (W, Mn, Co, Fe, Cu)3O4 

structure for more dependable sensor applications[11]. NTC resistors perform because when 

the temperature rises, the number of active charge carriers released from the crystal lattice 

increases. The material for the NTC resistor is determined by several criteria, one of which is 

the temperature range demanded. Temperatures in the range of 1 to 100°K are commonly 

employed with germanium NTC resistors. NTC resistor made of silicon can withstand 

temperatures of up to 250°K. For the temperature range of 200 to 700°K, metallic-oxide NTC 

resistors are employed. Very stable compounds are still necessary at higher temperatures, and 

NTC resistors for these temperatures can be manufactured from materials such as WO3, Al2O3, 

BeO, MgO, ZrO2, Y2O3, and Dy2O3.  

WO3 is a transition metal oxide, and its lattice can withstand a considerable amount of oxygen 

deficiency where only a partial loss of the WO3 oxygen content is needed to affect its electronic 

band structure and increase its conductivity by a large amount. Depending on the stoichiometry, 

the electrical conductivity of single-crystal WO3 ranges from 10 to 10-4 Scm-1. As a result, the 

electrical characteristics of WO3 are highly influenced by synthesis techniques and growth 

environments[12]. 

Chemical and physical deposition technologies such as electrospinning[13], spray 

pyrolysis[14], electrodeposition[15], thermal evaporation[16], plasma aided evaporation[17], 

and DC and RF magnetron sputtering techniques[18] have all been utilized to fabricate WO3 
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films. Magnetron sputtering, for example, has the advantage of depositing uniform coatings on 

wide areas of substrates, a high degree of film adhesion, and relatively simple scalability 

properties. By using RF magnetron sputtering the tungsten oxide films have been fabricated in 

low temperature condition.  

To understand and evaluate the NTC characteristics of WO3 metal oxide film three samples of 

different thickness has been examined under temperature ranges from room temperature to 

600K. The relation between resistance and temperature has been plotted and shown in Figure 

2.4.  

 
 

Figure 2.4. Negative temperature coefficient of resistance behavior of Tungsten Oxide. 

 

 

In this figure, we can observe that all samples have shown similar characteristics of rapid 

decreasing of resistance with the increasing temperature till 320K and then it decreases very 

slowly with the increasing temperature. From this figure, negative temperature coefficient of 

resistance of tungsten oxide metal oxide can be calculated.  
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2.2.4 Fuse Element 

To create the protective fuse circuit, a metal must be manufactured in such a way that 

it melts when exposed to the heat of the heater resistance. A high resistance and low melting 

point-based alloy could meet that requirement of the fuse material. Tin based alloy like 90Pb-

10Sn has the melting point 275-302°C (548-575K). Conditions for bonding low melting point 

metals to be used as fuse solubilizers require properties such as ensuring sufficient insulation 

distance after fuse alloy are melted by over-current and over-voltage and satisfying fuse 

properties.  

Normally when current passes through a conducting path then heat is generated and due to the 

heat dissipation, the designed fuse material melts. For a small amount of current flow this fuse 

can be melt and this interrupts the application of thin film micro fuse for high current and high-

power applications. However, if any transitional negative temperature coefficient of resistance-

based metal oxide is used between the conductor of the current and the fuse material which can 

perform triode mechanism then the application of thin film micro fuse can be enhanced. If self-

heater resistance gets heated due to the electric current passing through the conducting path, 

then it preserves a uniform temperature distribution during heating, then its total resistance 

would reflect its accurate temperature. In normal rated current the fuse will not be interrupted 

because of having self-heater heater resistance in the system. When overcurrent or abnormal 

current passes through the conducting path then self-heater resistance shows it’s NTC 

characteristics thus decreasing resistance with the increasing temperature, meanwhile raises the 

resistor's temperature over that of its surroundings, increasing the conductivity through NTC 

material and finally melting the fuse element, preventing the over current from traveling 

through the conducting route.  

A micro fuse fabricated by integrating Al/CuO-based nano energetic materials on a micro wire 

tested by open-air combustion technique and also characterized [19]. A micro copper fuse on 

glass epoxy plate developed using wet etching technology where numerical simulation was 

studied and fuse characteristics were evaluated experimentally [20]. A thin-film micro-fuse 

with a novel structure based on Ag deposition on the diarylethene (DAE) surface proposed and 

characterized [21]. Here, indigenously formulated lead free thick film NTC thermistor for the 

self-heating applications was reported [22]. To get the complete static current-voltage 

characteristic of a thermistor including the self-heating effect, an analog behavior model was 

presented as loaded and unloaded thermistors with NTC phenomena [8]. 
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To develop the triode micro fuse device and to understand the physical mechanism of 

the device a simulation model and geometry will be presented on this chapter. Prior to that 

the theoretical background of taking the consideration of choosing NTC of resistance-based 

metal oxide as a heater material will be discussed.  

 

3.1 Theoretical study of NTC resistor’s transient state 

 

Thermally sensitive semiconductor resistors with a considerable reduction in resistance 

as temperature rises are known as negative temperature coefficient of resistance (NTCR). In 

some circumstances, The NTC element is considered as a fixed resistor, with 𝑅𝑇 varying with 

ambient temperature 𝑇𝐴. 

 

𝑅𝑇 = 𝑅𝑁 exp(
𝛽

𝑇𝐴
−

𝛽

𝑇𝑁
) 

(1) 

 

Where, β = Material Constant, 𝑅𝑁 = Resistance at the Nominal temperature 𝑇𝑁 (in Kelvin). 

When a current passes through the NTC resistor, however, it heats up due to power dissipation.  

When an NTC resistor is placed in an electrical circuit, power is dissipated as heat, and the 

resistor's body temperature rises above its surrounding’s ambient temperature. Energy must be 

supplied at a rate that determines the rate at which it is lost plus the rate at which it is absorbed 

(the energy storage capacity of the device). 

 

𝑑𝐻

𝑑𝑡
=  

𝑑𝐻𝐿

𝑑𝑡
+  

𝑑𝐻𝐴

𝑑𝑡
 

(2) 

 

In an electrical circuit, the rate at which thermal energy is provided to the NTC resistor is equal 

to the power dissipated in the NTC resistor. 
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𝑑𝐻

𝑑𝑡
= 𝑃 =  𝐼2𝑅 = 𝐸𝐼 

(3) 

 

The rate of thermal energy loss from the NTC resistor to the environment is proportional to the 

resistor's temperature rise. 

 

𝑑𝐻𝐿

𝑑𝑡
=  𝛿𝛥𝑇 =  𝛿(𝑇 − 𝑇𝐴) 

(4) 

 

Here, (T) is the instantaneous temperature and (𝑇𝐴) is the ambient temperature. The dissipation 

constant (δ) is defined as the ratio of a change in the power dissipation of a NTC resistor to the 

resulting body temperature change at a given ambient temperature. The dissipation constant is 

determined by the thermal conductivity, the relative motion of the medium in which the NTC 

resistor is placed and heat transmission from the resistor to its surroundings via conduction 

through the leads, free convection in the medium, and radiation. Because it varies significantly 

with temperature and temperature rise, the dissipation constant is not a real constant. It's usually 

measured in a state of equilibrium. The rate at which the NTC resistor absorbs thermal energy 

to cause a certain quantity of temperature rise can be represented as follows: 

 

𝑑𝐻𝐴

𝑑𝑡
= 𝑠𝑚

𝑑𝑇

𝑑𝑡
= 𝐶𝑡ℎ

𝑑𝑇

𝑑𝑡
 

(5) 

 

Where, (s) is the specific heat, and (m) is the NTC resistor's mass. The heat capacity (𝐶𝑡ℎ) of a 

resistor is the product of its specific heat and mass, and it is determined by the materials and 

structure of the NTC resistor. As a result, the heat transfer equation for an NTC resistor at any 

point in time after power is provided to the circuit is followed equation: 

 

P =  
𝑑𝐻

𝑑𝑡
 =  δ (T − 𝑇𝐴)  +  𝐶𝑡ℎ 

𝑑𝑇

𝑑𝑡
= 𝑉𝐼 

(6) 
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Here, 
𝑑𝐻

𝑑𝑡
 is the change of stored thermal energy with respect to time.  

We must analyze NTC resistor behavior under transient and steady state situations to 

accomplish the analysis of thermal characteristics of NTC resistors. When the power (P) is 

constant, the solution to equation (6) is: 

 

𝛥𝑇 = (𝑇 − 𝑇𝐴) =
𝑃

𝛿
 [1 − exp  {

−𝛿

𝐶
𝑡}] 

(7) 

 

Equation (7) demonstrates that a NTC resistor’s body temperature will rise above the ambient 

temperature as a function of time when a substantial amount of power is dissipated in it. 

By using this equation, we have designed the PSPICE Analog behavioral model to understand 

the transient behavior of NTC resistor. Figure 3.1 represents NTC resistor Analog behavioral 

model (ABM) with the transient state characteristics using PSPICE simulation package. In the 

figure, based on the detected current multiplied by the NTC resistance, E1 generates the voltage 

across the "NTC resistor" where V2 denotes ambient temperature 20°C. E3 symbolizes the 

changes of temperature or the temperature variation as a function of time which is the transient 

response or transient state of the system. Voltage source V1 worked to recognize the current 

while V3 is necessary with R1, R2 resistance to get the desired output.  
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Figure 3.1. PSPICE ABM for NTCR with self-heating or joule heating effect for transient 

response investigation 

 

When dT/dt=0 in equation (6) or 𝑡 >> 𝐶/𝛿 in equation (7), a state of equilibrium is achieved. 

The rate of heat loss is equal to the power provided to the NTC resistor in this steady state 

situation. Therefore: 

 

𝛿(𝑇 − 𝑇𝐴) = 𝛿𝛥𝑇 =   𝑃 = 𝐸𝑇𝐼𝑇 (8) 

 

Here, (𝐸𝑇) is the steady state or static NTC resistor voltage and (𝐼𝑇) is the steady state current. 

The Voltage-Current Characteristic is governed by this equation. 

The heat transfer equation can be rewritten as follows when the power in a NTC resistor is 

reduced to a level where self-heating is regarded negligible, 

 

𝑑𝑇

𝑑𝑡
=

−𝛿

𝐶
 (𝑇 − 𝑇𝐴) 

(9) 

 

This is simply Newton’s Law of Cooling, and its solution is, 

 

𝑇 = 𝑇𝐴 + (𝑇𝐼 − 𝑇𝐴) exp{
−𝑡

τ
} 

(10) 

 

In equation (10), (𝑇𝐼) is the initial body temperature, (𝑇𝐴) is the ambient temperature and (τ) is 

the thermal time constant of the device and τ=C/δ [23]. The thermal time constant is influenced 

by the same environmental elements as the dissipation constant, notably NTC resistor’s size, 

shape, and leads, as well the medium's thermal conductivity and velocity, conduction via the 

leads, free convection in the medium, and radiation losses. To get the output of the circuit 

constructed in Figure 3.2, different dissipation factor has been considered to understand the 

transient state of the model. Figure 3.2 shows the output of ABM circuit showing the transient 
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state of NTC resistor temperature as a function of time. In this figure NTC resistance influenced 

by different dissipation factor of 0.5mF to 1.5mF which validates the equation 7.  

 
 

Figure 3.2. Transient response of NTC resistant using analog behavioral model. 

 

 

 

 

 

 

 

 



19 
 

3.2 Model and Analytical Assumption 

After getting the transient response of NTCR it is required to perform finite element 

modelling of four layers for analytical assumption.  

The main theme of this work is to analysis of effects of incoming current of the micro-fuse, 

relationship between temperature vs current, voltage and how much current is needed to melt 

the fuse material to fully protect the circuit from overcurrent. Here, for the first time, Tungsten 

oxide/Pb-Sn alloy based micro fuse structure on silver electrode has been designed. Tungsten 

oxide film works as a NTC heater resistor and Pb-Sn alloy as a low melting point-based fuse 

material. Conducting and aspects such as electric potential, temperature profile are studied by 

using COMSOL Multiphysics. Here, we conclude that this micro-fuse structure concept that 

combines fuse mechanism with triode structure can be applied in many electrical, electronic, 

and industrial applications.  

This work mainly approached on the modeling and optimization of different heater thickness 

and different fuse alloy thickness and thus to find the amount of current needs to reach the 

melting temperature of the fuse material. Figure 3.3 shows the cross-sectional view of the 

triode micro fuse. Figure 3.4 depicts a cross-sectional view with each layer identified by a 

different color mentioning with the melting point, boiling point, and density.  

 

 

Figure 3.3. Schematic of a cross sectional view of triode micro fuse 
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Figure 3.4. Material layers used in the modeling of triode fuse (Materials used to model the 

micro-fuse) 

 

 

To design the micro-fuse different material’s geometry are mentioned in Table 3.1. The fuse 

material is select based on the withstand capacity of low temperature melting mechanism. The 

total fuse geometry is 5.4×3.2 mm2 in length × width and 0.7 mm in thickness and that is shown 

in Table 3.1.  

Table 3. 1 Dimension of the material for geometry of micro-fuse 

Parameter 

Alumina 

Substrate 

(Al2O3) 

Silver (Ag) 

electrode 

Tungsten Oxide 

(WO3) heater 
Tin (Sn) 

Lead-Tin 

(Pb-Sn) fuse 

Length 

(mm) 
5.4 - 3 3 3 

Width (mm) 3.2 - 1 2.4 2.4 

Thickness 

(mm) 
0.7 0.001 0.002 0.001 0.1 
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The properties of materials used in this analytical simulation are tabulated in Table 3.2. In this 

section the design and simulation are performed based on these parameters. The structural 

design has been shown in Figure 3.5. In Figure 3.5 (a-c) the conductive electrode, heater and 

fuse material physical design have been shown. Figure 3.5 (d-e) is the device appearance after 

declaring the material properties of Table 3.2.  

 

Table 3.2. Properties of Material 

Parameters Al2O3 Ag WO3 Sn Pb-Sn 

Young’s modulus (Pa)  3×1011 8.30×1010 7.40×1010 4.16×1010 2×1010 

Poisson Ratio  0.22 0.365 0.49 0.33 0.43 

Density (Kg/m3)  3800 10497 7160 7250 10750 

Thermal conductivity 

(W/m-k)  
20.3 429 1.63 53.5 25 

Heat capacity at constant 

pressure (J/Kg-k)  
880 239 315.34 230 140 

Electrical conductivity 

(S/m)  
1×10-12 62.1 434.78 5.8823 5.15×1016 

 

 

The analytical module on solid mechanics, electric currents, and heat transfer in solids is used 

to build the micro-fuse structure to achieve the desired findings that are available when using 

the Finite Element Method approach. Normal meshes are configurable because active layers 

influence the shape and size of the mesh. Figure 3.6 depicts top view of 3D normal meshing 

of the device with cross sectional view.  

In this simulation, (1-5.6) A current is applied on the electrode of the micro fuse. The effects 

of applied current on potential, temperature, resistance is quantitatively investigated.  
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Figure 3.5. Design of triode micro-fuse structure (a) Silver electrode on Alumina Substrate 

(b) Tungsten oxide film on silver electrode (c) Pb-Sn alloy material on tungsten oxide and 

silver electrode (d) cross sectional view of the device with material appearance (e) top view 

of Material appearance of the device 

 

 

For the simulation of micro-fuse, the Joule Heating and Thermal Expansion interface is studied 

where three major physics incorporates Multiphysics effects such as solid mechanics, electric 

currents, and heat transfer in solids. The electromagnetic losses from the electric field as a heat 

source are added by the predetermined interaction.  
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Figure 3.6. Normal meshing of the triode micro-fuse (a) top view (b-d) cross sectional view 

 

 

3.2.1 Solid Mechanics 

The temperature of the Heat Transfer in Solids interface also acts as a thermal load on 

the Solid Mechanics interface, inducing thermal expansion. The Solid Mechanics interface is 

built on solving equations of motion in tandem with a solid material constitutive model. 

Displacements, stresses, and strains are computed as a resultant. Following the successful 

creation of the fuse device, it is necessary to combine it into a single device using the union 

function from a Boolean expression.  

3.2.2 Electric Currents 

To compute the electric field, current and potential distribution in conducting electrode 

constant voltage and constant current both modes have been employed. Both approaches 

yielded the same result: the resistance of WO3 reduced when the heating power was raised and 

this can be explained based on Poisson’s equation, 
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−𝛻2𝑉 = 0 (11) 

 

The physics interface uses the scalar electric potential as the dependent variable to solve a 

current conservation equation based on Ohm's law. 

3.2.3 Heat transfer in solids 

The proposed device's operating temperature transmits heat via heat conduction 

between the conductive electrode and the heater material layer, then raises the temperature by 

lowering the resistance, indicating NTC properties, and finally absorbs the heat as a self-

heating mechanism. It melts the fuse material and instantaneously stops the current at the 

optimum temperature. The minus diagonal in temperature is precisely proportional to the 

temperature of the material we specified, according to Fourier's rule, which is a principle that 

determines heat conduction is 

�⃗�𝑛 =  −𝑘𝛻𝑇⃗⃗⃗⃗⃗⃗  (12) 

 

Where, k is the solid thermal conductivity, 𝑞𝑛 is flux density and T is the device temperature. 

Then the equation can be written as 

 

𝑞𝑛 =  −𝑘 [𝑖
𝑑𝑇

𝑑𝑥
+ 𝑗

𝑑𝑇

𝑑𝑦
+ 𝑘

𝑑𝑇

𝑑𝑧
] 

(13) 

 

In the n direction we can write 

 

𝑞𝑛
𝑛 =  −𝑘𝛻𝑇⃗⃗⃗⃗⃗⃗  (14) 

 

So, the heat flux in all direction can be written as 

 

𝑞𝑛 = 𝑖𝑞𝑥
𝑛 +  𝑖𝑞𝑦

𝑛 +  𝑖𝑞𝑧
𝑛 (15) 
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3.2.4 Boundary condition 

To successfully evaluate the simulation of the fuse device, the base of the micro fuse 

and one corner of the fuse has been fixed under the module of fixed constraint of solid 

mechanics. For electrical currents the terminal and ground are declared as boundary condition. 

And for heat transfer the surrounding air was set to 293K room temperature and the terminal 

and ground part was set to initial temperature 293K. Electrical characteristics along with side 

of temperature distribution because of applied current and voltage has been investigated 

thoroughly.  
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3.2 Simulation Result 

From the simulation, micro fuse behavior in terms of temperature, potential, isothermal contour 

distribution due to the applied current through conductive electrode has been investigated. To 

examine the joule heating effect different current from 0.1A to 5.6A were applied at the 

terminal and the changes of temperature observed. Figure 3.7 shows the surface temperature 

of micro fuse at current 5.6A and Figure 3.8 shows the relation between applied current and 

temperature where temperature is increasing with the applied current and thus at 5.6A current 

the temperature of nearly 573K which is the melting point of Pb-Sn fuse material reached and 

the current conduction immediately interrupted due to the melting of fuse material. For 

applying current, current electrode has been used as ground and control electrode of the device 

has been used as a current terminal. From the figure at 5.6A current the maximum temperature 

of the triode micro fuse device occurred in the layer between electrode and fuse material and 

that melts the fuse material to interrupt the current. 

 

Figure 3.7. Temperature distribution of the triode micro fuse device maximum temperature 

and temperature profile 
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Figure 3.8. Temperature versus Current relationship of the micro fuse device by applying 

current through control and current electrode 

 

Figure 3.9 shows the potential distribution of micro fuse device at current 5.6A and the 

isothermal contour distribution of the micro fuse at same current to understand the fuse 

mechanism at same configuration of the biasing point like Figure 3.8. From Figure it is evident 

that the voltage distribution is primarily identified in maximum temperature area stated at 

Figure 3.8. Also, from Figure 3.10 the isothermal contour distribution verified the identical 

phenomena. 
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Figure 3.9. Voltage distribution of the triode micro fuse device between control and current 

electrode 

 

 

 

Figure 3.10. Isothermal contour distribution due to temperature on the micro fuse device 
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CHAPTER 4  

 

 

 

 

 

 

 

 

 

 

 

 

Fabrication of triode micro fuse 

 

 

 

 

 

 

 

 

 

 

 



30 
 

 

To develop the simulated triode micro fuse device on a highly rough alumina substrate, 

several experimental steps were carried out. For silver electrode deposition, Tungsten oxide 

heater deposition an ultra-high vacuum radio frequency magnetron sputtering technique has 

been used. For attaching the fuse material with these different techniques like 

thermocompression bonding, silver paste conductive coating techniques have been investigated. 

For good adhesion property, a thin film layer on the above of tungsten oxide film has been 

deposited also by using RF magnetron sputtering method. The whole process is reported in this 

chapter. 

 

4.1 Substrate Preparation 

The high roughness and hydrophobicity of commercially available alumina substrate is used to 

enhance the forming nanostructured film deposition. First, an extremely rough alumina 

substrate (100×100 mm2) was washed for 5 minutes in ethanol, acetone, and isopropanol, then 

ultrasonicated for 15 minutes and dried with nitrogen gas, followed by heating the substrate in 

a hot plate at 100°C for 10 minutes. Figure 4.1 shows the optical image of the alumina substrate.  

 

 

Figure 4.1. Optical image of Alumina Substrate 
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4.2 Silver Electrode Deposition 

Silver electrode was sputtered on alumina substrate by RF magnetron sputtering and 

for this purpose Silver (99.9%) target (iTASCO, 2ʺDia × 1/8ʺTh) was used as a target material 

also shown in Figure 4.2 (a). In the RF sputtering chamber, a gap of nearly 8cm was maintained 

between the substrate and the target. The distance between target and substrate has been shown 

in Figure 4.2 (b).  

 

 

 

Figure 4.2. (a) Optical image of Silver (Ag) Target (b) Distance between the substrate and 

target in the RF magnetron sputtering chamber 

 

Silver was deposited at a deposition pressure of 8mTorr at a gas flow ratio of Ar:N2 =1:10 after 

the sputtering chamber was evacuated with a pressure of 10mTorr using a high vacuum rotary 

pump and followed by using a cryopump.  The rate of deposition was nearly 1nm/Sec. The 

plasma was generated in the sputter chamber with a rf power of 130W and after the vacuum 

created, the temperature was recorded at 8K. Table 4.1 summarizes the parameters used in the 

silver deposition. The rf magnetron sputtering process and the plasma formation has been 

shown in Figure 4.3. The optical image has been taken during the experimental procedures in 

the laboratory.  
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Table 4.1. Operating conditions of RF magnetron sputtering of Silver (Ag) target 

Target Ag (99.99%) 

Target-Substrate distance 8cm 

Base Pressure 10mTorr 

RF Power 130W 

Deposition Pressure 8mTorr 

Temperature during deposition 8~10K 

Deposition Rate 1 nm/Sec 

Vacuum Condition Cryopump and Rotary Pump combined 

  

 

 

Figure 4.3. Optical image of RF magnetron sputtering plasma during deposition process 

 

 

4.3 Heater Resistor deposition 

For heater resistor deposition, Tungsten oxide (WO3) was deposited on silver electrode. 

Tungsten oxide (99.9%) target (iTASCO, 2ʺDia × 1/8ʺTh) target was used in the sputtering 

process and operating conditions was varied to get the desired film thickness. The details of 

the parameters are shown in Table 4.2.  

Table 4.2. Operating conditions of RF magnetron sputtering of Tungsten oxide (WO3) target 
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Target WO3 (99.99%) 

Target-Substrate distance 6cm 

Base Pressure 10mTorr 

RF Power 100W 

Deposition Pressure 8mTorr 

Temperature during deposition 8~10K 

Deposition Rate 0.15 nm/Sec 

Vacuum Condition Cryopump and Rotary Pump combined 

 

4.4 Tin (Sn) deposition 

To ensure the good adhesive characteristics between heater and fuse material (9:1 ratio 

based Pb-Sn fuse material), a thin film tin layer was necessary. In this purpose, Tin (99.9%) 

target (iTASCO, 2ʺDia × 1/4ʺTh) was used for depositing very thin film of tin layer using RF 

sputtering. The details of the parameter used for tin deposition has been shown in Table 4.3.  

Table 4.3. Operating conditions of RF magnetron sputtering of Tin (Sn) target 

Target Sn (99.99%) 

Target-Substrate distance 8cm 

Base Pressure 10mTorr 

RF Power 25W 

Deposition Pressure 8mTorr 

Temperature during deposition 8~10K 

Deposition Rate 0.8 nm/Sec 

Vacuum Condition Cryopump and Rotary Pump combined 

 

The tungsten oxide and tin target has been shown in Figure 4.4 (a) and (b) respectively.  
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Figure 4.4. Optical image of (a) Tungsten oxide (WO3) and (b) Tin (Sn) target for 

Sputtering 

 

4.5 Surface Resistance Measurement 

After depositing each film, it was necessary to measure the surface resistance of the 

deposited film. In this objective, KEITHLEY Four probe low resistance measurement system 

(SCS-4200) has been used and the optical image of the system has been shown in Figure 4.5. 

 

 

 

Figure 4.5. Four probe low resistance measurement system using KEITHLEY SCS-4200 

 

 



35 
 

4.6 The device fabrication process 

For micro fuse testing and characterizing there requires a lot of devices to fabricate and 

electrical characteristics analysis becomes at ease. To meet this requirement, we developed and 

fabricated Ag metal electrode and WO3 metal oxide heater on a rough alumina substrate with 

a RF magnetron sputtering in an ultra-high vacuum chamber. A highly rough electrically 

insulated alumina substrate (100×100 mm2) with a thickness of 0.7mm, was cleaned for 5 

minutes in acetone, isopropanol, and ethanol solution, cleaned with di-ionized (DI) water and 

then ultrasonicated (100°C) for 10 minutes. The width and length of the micro fuse is 5.4×3.2 

mm2 and to fabricate we used shadow masking technology to deposit different metal and metal 

oxides nano film onto the alumina substrate as three different mask design have been showed 

in figure. Using mask conductive electrode of silver metal, heater material tungsten oxide and 

for bonding with fuse material a thin film of tin metal film sequentially deposited in a discrete 

thin film manner on the alumina substrate. The whole fabrication process is shown in Figure 

4.6.  

 
 

Figure 4.6. Schematic diagram of the sputtered triode micro fuse device nanofabrication 

steps a) different masking design to deposit different film of silver, tungsten oxide and tin 

film b) Fabrication process of sputtered thin film c) photography of micro fuse under Cam 

Scope 
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CHAPTER 5  
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After fabricating the triode micro fuse device, its electrical characteristics has been 

investigated and analyzed. For measuring the electrical characteristics, a setup was also 

designed. The whole analyzation has been presented in this chapter. 

5.1 Electrical characterization setup 

A Test System like Figure 5.1 was used to test the fusing performance of the triode 

micro fuse device. A regulated DC power supply (GP-4305TP, EZ Digital), a multimeter, and 

a polycarbonate testing chamber were used to construct the testing apparatus. Two silver paste 

electrodes were attached to the positive and negative electrodes of the testing system, 

respectively, prior to testing. The thin-film fuse mechanism tested in ambient settings by first 

applying a direct current between electrode 1 (current electrode) and electrode 3 (control 

electrode), then monitoring the voltage difference across the same terminal.  

 

 

 

Figure 5.1. Testing setup of triode micro fuse device for electrical characterization 
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5.2 Electrical characterization Analysis 

After depositing electrodes, heater resistor and tin film layer onto the substrate it was necessary 

to follow a sealing methods or bonding technique to attach the Pb-Sn alloy-based fuse material.  

For making sample of the triode micro fuse device, two types of bonding technique have been 

followed and they are thermocompression bonding and epoxy bonding. Figure 5.2 shows the 

samples sealed with thermocompression bonding. The fuse alloy material melts at nearly 

300°C temperature that is why the thermocompression bonding temperature is ranged between 

220°C-275°C. In all cases the bond force was fixed to 88.3N.  

 

 

 

 
 

Figure 5.2. Using thermocompression bonding at different temperature to attach the fuse 

material with the substrate/electrode/heater layer to form triode micro fuse device 

 

 

Metallic connections are produced between metal deposited substrates in thermocompression 

bonding by bringing them into proximity while simultaneously applying temperature and 

pressure. Regardless of surface roughness, the applied pressure must be high enough to bring 

the surfaces into atomic contact. Diffusion bonding is another name for the method [24].  
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For electric characterization, a current has been applied in the control electrode and current 

electrode and due to rapidly increasing current, the temperature also increased. That makes 

thermal shock phenomena, which arises from strain and that cracked the thermocompression 

bonding when temperature rises.  

For bonding technique, epoxy bonding has been followed also and the bonded samples has 

been shown in Figure 5.3. In this technique, silver conducting paste has been used directly 

above the heater/tin layer and then the fuse alloy material placed onto that. After Epoxy 

bonding the device is set for testing.   

The micro fuse device is electrically connected with the testing board via silver coating 

conductive paste.  

When an applied current applied to the terminal and ground of the micro-fuse device at current 

electrode and control electrode, the current voltage relationship is recorded to manifest the 

fusing performance of the triode micro fuse device.  

As can be seen from the Figure 5.4, the current applied in the device ranges from 0.1A to the 

near 5A current with an increment of 0.1A as per simulation assumption to reach the fuse 

material melting point. From the figure, the fuse element underwent three stages. In the first 

stage, the voltage almost linearly increases with applied current indicating an ohmic conductive 

characteristics.  

The slightly increased resistance was ascribed to the temperature rise in the fuse element in a 

little amount.  

The second stage occurred at about 2.5A current when the resistance increased at first and then 

decreased because of the mechanism of NTCR characteristics of Tungsten oxide material. That 

point towards the triode mechanism of tungsten oxide NTC metal oxide working above the 

conducting electrode and thus protecting the device from high joule heating caused by applied 

current.  
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Figure 5.3. Using silver conductive coating paste to form the bonding of fuse material with 

substrate/electrode/heater layer to form triode micro fuse device 
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The third stage is about approaching towards the limiting current, and the resistance increases 

sharply and in consequence the temperature also increases with the applied current and the 

voltage increases sharply with increasing the current and the temperature at about 593K 

reached and the circuit disconnected thus current is interrupted by melting the fuse material. 

The current turns immediately to 0A through the circuit.  

 
 

Figure 5.4. Current-Voltage (I-V) characteristics of triode micro fuse device 

 

 

Figure 5.5 shows the relationship between current and temperature of the triode micro fuse 

device. With applied current the temperature increases and follows the simulated data almost 

in a same manner. The figure also shows the extrapolated data after 4A current, which is 

because the sampled device can not endure more current flow through the device due to thermal 

shocking and cracking behavior of the connectivity electrode of the sample and testing chamber. 
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From the figure it is evident that, the simulated temperature profile is aligned with the 

experimental data.  

 
 

Figure 5.5. Current-temperature characteristics of triode micro fuse 

 

 

This novel triode micro fuse is designed to protecting the high current portable secondary 

battery and Figure 5.6 reveals the blown mechanism of this device at current rating 5A. Figure 

5.6 (a) shows the micro fuse before current has been applied. When current has been applied 

the point where maximum temperature estimated (as per the simulation) blew, as shown in 

Figure 5.6 (b).  
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Figure 5.6. Triode micro fuse device blown at 5A applied current (a) before applied current 

(b) after applying the blown fuse 
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CHAPTER 6  
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6.1 Conclusions 

In this current study, we fabricated a novel triode micro fuse device that can be used as 

a protective device for portable secondary battery like li-ion battery from overcharging which 

causes overvoltage and overcurrent. Metal oxides which show the negative temperature 

coefficient of resistance characteristics are normally used as heater resistance and in this study, 

we have used a NTC characteristics-based metal oxide, which is tungsten oxide as a heater in 

our proposed micro fuse structure which enables the advantages of safely flowing high current 

in a smaller fuse area compared to micro fuse current rating in other words can control more 

electrical power.  The transient behavior of NTC material has been modelled using PSPICE 

ABM which making it possible to simulate the transient behavior of temperature due to joule 

heating effect of the heater material and the theoretical background suggests an analytical 

model to visualize the current conduction, heat transfer physics of the micro fuse device. The 

analytical model has been validated by MEMS based COMSOL Multiphysics which provides 

the geometry of the device with Joule heating Multiphysics platform. We proposed a complete 

device structure using the analytical model that combines the electric current and heat transfer 

module for the triode micro fuse device. We have analyzed the electric current and voltage 

profile with temperature profile for the estimation of our result and by motivating from the 

model we have fabricate the micro fuse device experimentally. The simulated data shows that 

at nearly 5A current the micro fuse device reaches at nearly 593K temperature (300°C) which 

breaks the circuit quickly and forced the current to stop flowing through the circuit. As 

nanofabrication technique we have used RF magnetron sputtering for depositing different layer 

and we have used two bonding techniques to bond the device with the fuse material. The 

electrical characterization of the micro fuse device shows that, it follows almost same 

characteristics with the simulated data and the current voltage curve shows the same 

phenomena. Due to thermal shocking and strain between the fuse material and the conducting 

path, the device faces some early breakdown in the circuit, but an interpolated data shows that 

at nearly 5A current the circuit got disconnected by blowing the fuse immediately. From the 

analysis it is clearly evident that, our fabricated device could be a perfect candidate for using 

as a protecting device and control high current applications by protecting them.  
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6.2 Future work and suggestions 

We are undergoing this work for more power and current control mechanism. We have already 

modelled and fabricated the triode micro fuse device for 5A current control capability. This 

time, we are targeting more high power and current control by optimizing some physical 

parameter.  

In this regard, the following issues we can deal as our future works- 

o Since in this study, we have faced thermal shocking behavior with cracking behavior, 

we will work to mitigate this problem in our new structure 

o We have already used epoxy bonding to form bond between fuse material and device, 

but we will use screen printing silver technique in our next work for durability and 

adhesiveness.  

o The current electrode shape could be a vital role for enabling the capability of 

controlling more current in the micro fuse device. In this case, using COMSOL 

geometry the shape of the current electrode will be optimized also. 
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