
Extending Moore’s Law for Silicon CMOS using More-Moore and More-than-

Moore Technologies 

 

 

Dissertation by 

Aftab M. Hussain 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

December 2016  



2 

 

EXAMINATION COMMITTEE PAGE 

 

 

The dissertation of Aftab M. Hussain is approved by the examination committee. 

 

 

Committee Chairperson: Dr. Muhammad M. Hussain. 

Committee Members: Dr. Udo Schwingenschlögl, Dr. Tareq Al-Naffouri, Dr. Xiaohang 

Li, Dr. Zhenqiang Ma. 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© December 2016 

Aftab M. Hussain 

All Rights Reserved  



4 

 

ABSTRACT 

Extending Moore’s Law for Silicon CMOS using More-Moore and More-than-Moore 

Technologies 

Aftab M. Hussain 

 

 

With the advancement of silicon electronics under threat from physical limits to 

dimensional scaling, the International Technology Roadmap for Semiconductors (ITRS) 

released a white paper in 2008, detailing the ways in which the semiconductor industry can 

keep itself continually growing in the twenty-first century. Two distinct paths were 

proposed: More-Moore and More-than-Moore. While More-Moore approach focuses on 

the continued use of state-of-the-art, complementary metal oxide semiconductor (CMOS) 

technology for next generation electronics, More-than-Moore approach calls for a 

disruptive change in the system architecture and integration strategies. In this doctoral 

thesis, we investigate both the approaches to obtain performance improvement in the state-

of-the-art, CMOS electronics. 

We present a novel channel material, SiSn, for fabrication of CMOS circuits. This 

investigation is in line with the More-Moore approach because we are relying on the 

established CMOS industry infrastructure to obtain an incremental change in the integrated 

circuit (IC) performance by replacing silicon channel with SiSn. We report a simple, low-

cost and CMOS compatible process for obtaining single crystal SiSn wafers. Tin (Sn) is 
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deposited on silicon wafers in the form of a metallic thin film and annealed to facilitate 

diffusion into the silicon lattice. This diffusion provides for sufficient SiSn layer at the top 

surface for fabrication of CMOS devices. We report a lowering of band gap and enhanced 

mobility for SiSn channel MOSFETs compared to silicon control devices. 

We also present a process for fabrication of vertically integrated flexible silicon to form 

3D integrated circuits. This disruptive change in the state-of-the-art, in line with the More-

than-Moore approach, promises to increase the performance per area of a silicon chip. We 

report a process for stacking and bonding these pieces with polymeric bonding and 

interconnecting them using copper through silicon vias (TSVs). We report a process for 

fabricating through polymer vias (TPVs) facilitating the fabrication of sensor arrays and 

control electronics on the opposite sides of the same flexible polymer. Finally, we present 

a process to fabricate stretchable metallic thin films with up to 800% stretchability, and 

report two distinct applications for these devices which cannot be done using current 

techniques. 
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Chapter 1 Introduction 

 

1.1 Publication History 

This chapter contains excerpts from the following publication [1]: 

 A. M. Hussain and M. M. Hussain, “CMOS-Technology-Enabled Flexible and 

Stretchable Electronics for Internet of Everything Applications,” Advanced 

Materials, vol. 28, pp. 4219-4249, 2016. 

 

1.2 Motivation 

Next generation electronic systems will form an integrated network of collaborating 

computational elements interacting with the physical world. These systems constituting the 

“Internet of Everything” (IoE) will be an integrated network of powerful microprocessors, 

sensors, actuators, and networking elements. These systems will be designed to interact 

with the physical world using sensors and actuators, while processing the interactions in 

real time, either on-site or in the cloud. Many of these systems may be designed to operate 

autonomously, independent of human intervention. An example of such a system is the 

implementation of autonomously driven metro trains, known as Unattended Train 

Operation (UTO), in several major cities in the world. In these systems, the trains run 

automatically at all times. Their positions and speeds are communicated to a central 

processing unit which regulates these trains and makes decisions in real time. The UTO 

system is capable of handling door closing, obstacle detection and emergency situations. 
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There is no staff member present on board for regulation of operations. Intelligent systems 

like these are going to become more common in the future, having ever more nodes, 

network complexity, and functionality per node. These advanced systems will require very 

high performing electronics to process large amounts of data in real-time. While there has 

been an exponential increase in performance of microprocessors in the last three decades, 

this exponential trend needs to be extended into the next decade in order to obtain ultra-

fast microprocessors for application in IoE systems. 

 

1.3 Moore’s Law 

The exponential improvement in microprocessor performance was first predicted by Intel 

cofounder Gordon Moore in his paper in 1965 [2]. He predicted that the number of 

transistors on a microprocessor chip will double in every 18-24 months. This trend has 

indeed been followed by the semiconductor industry ever since, and has come to be known 

as the Moore’s law. The main driver of Moore’s law has been the scaling of physical 

dimensions of individual transistors. The transistor width and length have been reduced 

gradually in the past to obtain higher number of transistors on a chip. While dimensional 

scaling allows for more devices for chip area, the same performance and power is 

maintained for individual devices. This can be explained using the basic laws of physics 

governing the metal oxide semiconductor (MOS) transistors. 

The classic drift-diffusion based equation for drain current of a transistor can be written as 

follows: 
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𝐼𝑑 = (
𝑊

𝐿
) 𝐶𝑜𝑥µ(𝑉𝑑𝑑 −  𝑉𝑡)2 

Where, Cox is the gate capacitance per unit area, µ is the mobility of channel material, Vdd 

is the supply voltage, Vt is the threshold voltage, W and L are the transistor gate width and 

length respectively. For microprocessors based on CMOS logic gates, the speed of data 

propagation is a vital metric. The intrinsic delay introduced by a CMOS gate is given by: 

𝑇 =
𝐶𝑔𝑉𝑑𝑑

𝐼𝑑
 

Where, the gate capacitance, Cg, is the product of effective oxide capacitance and the area 

of the gate. Thus, 𝐶𝑔 = 𝑊 ∗ 𝐿 ∗ 𝐶𝑜𝑥. Now, the energy required to make the CMOS gate 

switch is given by, 𝐸 = 𝐶𝑔𝑉𝑑𝑑
2 . The dynamic power required for operation of a gate 

depends on the number of switches per unit time. Since the gate cannot switch faster than 

the intrinsic gate delay, the maximum power associated with a single CMOS gate is given 

by: 

𝑃 =
𝐶𝑔𝑉𝑑𝑑

2

𝑇
 

This gate is occupying an area proportional to 𝑊 ∗ 𝐿. Thus, the power dissipated per unit 

area on the chip is given by: 

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐶𝑔𝑉𝑑𝑑

2

𝑊𝐿𝑇
 

To improve the functionality of a microprocessor, the number of devices on the chip has 

to be increased. This increment can be achieved, without increasing the chip area, by 



22 

 

reducing the transistor dimensions. Thus, we scale the physical dimensions of the transistor 

– the gate length and width. To obtain a stable MOSFET transfer characteristic, it is 

important to reduce the dielectric thickness accordingly. Thus, we obtain the new transistor 

parameters as: 

𝐿 → 𝐿/𝑠 ; 𝑊 → 𝑊/𝑠; 𝑡𝑜𝑥 → 𝑡𝑜𝑥/𝑠 

Where, s is the scaling factor. With these changes, the transistor performance metrics scale 

in the following way: 

𝐼𝑑 → 𝐼𝑑𝑠 ; 𝐶𝑔 → 𝐶𝑔/𝑠; 𝑇 → 𝑇/𝑠2 

𝑃 → 𝑃𝑠 ; 𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦 → 𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑠3; 𝐷𝐷 → 𝐷𝐷𝑠2 

Where, DD is the device density (number of devices per unit area). We can see that we 

have achieved a higher device density and a better gate switching speed by reducing the 

transistor dimensions. However, the power dissipation increases proportionally and power 

dissipation density increases as a cubic function of the scaling factor. This can cause an 

uncontrollable increase in chip temperature. This issue is fixed by reducing the operating 

voltages in the same proportion: 

𝑉𝑑𝑑 → 𝑉𝑑𝑑/𝑠 ; 𝑉𝑡 → 𝑉𝑡/𝑠 

With these further changes, the transistor parameters scale as: 

𝐼𝑑 → 𝐼𝑑/𝑠 ; 𝐶𝑔 → 𝐶𝑔/𝑠; 𝑇 → 𝑇/𝑠 

𝑃 → 𝑃/𝑠2; 𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦 → 𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦; 𝐷𝐷 → 𝐷𝐷𝑠2 
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This is a win-win situation, since we improved the device density while maintaining the 

same power dissipation density, and have obtained a faster CMOS gate by reducing the 

intrinsic gate delay. These favorable changes in the transistor metrics have caused the 

scaling revolution leading to the realization of Moore’s law in the past three decades. 

 

1.4 The End of Scaling Era 

The beneficial effects of scaling have brought the industry to a point where the transistor 

gate length is sub-20 nm. This small gate length results in higher source-to-drain leakage 

because of the proximity of source and drain. Also, the gate dielectric thickness has been 

reduced down to a few atomic layers. This results in increased gate leakage currents. These 

leakage currents result in high off currents for a transistor leading to significant increase in 

static power consumption. These dimensions are already as small as silicon crystal lattice 

and quantum mechanics can allow. Hence, we cannot rely on transistor dimension scaling 

to obtain microprocessor performance improvement in the future. In view of this, the 

International Technology Roadmap for Semiconductors (ITRS) defined two areas for 

focused research and development – More-Moore and More-than-Moore (Figure 1.1) [3]. 

The term More-Moore was used to refer to traditional silicon CMOS processing 

techniques; and the term More-than-Moore was used to refer to complementary techniques 

and novel architectures that can help integrate digital systems with non-digital systems to 

obtain performance improvement. 
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Figure 1.1. Schematic representation of the “More-Moore” and “More-than-Moore” roadmaps and 

a possible combination thereof for higher value systems [3]. 

 

1.5 Thesis Outline 

In this doctoral thesis, a process for both More-Moore and More-than-Moore approach will 

be investigated. The More-Moore approach strives to improve current state-of-the-art 

MOSFETs using incorporation of a new material. For this approach, a MOSFETs using a 

novel semiconducting material, SiSn, as the channel has been demonstrated. A low-cost, 

scalable and CMOS compatible diffusion process for obtaining single crystal SiSn has been 

developed, and p-n junction diodes and p-type field effect transistors using SiSn as channel 

material have been demonstrated. The diffusion process, material characterization and 

devices based on SiSn channel are discussed in Chapter 2. 
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Complementing this effort, the More-than-Moore approach strives to improve the 

performance of electronic systems by using better system architecture. This includes new 

sensor/actuator designs for interaction with the physical world, better chip power 

management, area efficient packaging and novel interconnection techniques. For this 

approach, vertical integration of silicon chips to obtain 3D integrated circuits has been 

investigated. The silicon pieces are obtained using the “trench-protect-etch-release” 

(TPER) approach demonstrated in the past [4, 5]. The processes and results obtained in this 

investigation are detailed in Chapter 3. Further, a novel process for obtaining stretchable 

metal interconnects is investigated for the More-than-Moore systems. This process uses 

metal/polymer bilayers patterned in specially designed serpentine structures to obtain 

stretchability. This process and the applications of these stretchable metallic interconnects 

are detailed in Chapter 4. 

The major achievements and the challenges in this doctoral thesis are reviewed and 

summarized in Chapter 5. It provides the numerous breakthroughs associated with the 

presented research, while discussing the future prospects, and listing the challenges that 

are yet to be overcome for SiSn, 3D integration and stretchable metallic interconnects. 
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Chapter 2 Silicon-Tin 

 

 2.1 Publication History 

This chapter contains excerpts from the following publications [6-10]: 

 A. M. Hussain, N. Singh, H. Fahad, K. Rader, U. Schwingenschlögl, and M. 

Hussain, “Exploring SiSn as a performance enhancing semiconductor: A 

theoretical and experimental approach,” J. Appl. Phys., vol. 116, p. 224506, 2014. 

 A. M. Hussain, N. Wehbe, and M. M. Hussain, “SiSn diodes: Theoretical analysis 

and experimental verification,” Appl. Phys. Lett., vol. 107, p. 082111, 2015. 

 A. M. Hussain, H. M. Fahad, N. Singh, G. A. T. Sevilla, U. Schwingenschlögl et 

al., “Tin (Sn) for enhancing performance in silicon CMOS,” in Nanotechnology 

Materials and Devices Conference (NMDC), 2013 IEEE 8th, 2013, pp. 13-15. 

 A. M. Hussain, H. M. Fahad, N. Singh, G. A. T. Sevilla, U. Schwingenschlögl, and 

M. M. Hussain, “Tin – an unlikely ally for silicon field effect transistors?,” Phys. 

Status Solidi RRL, vol. 8, pp. 332-335, 2014. 

 A. M. Hussain, H. M. Fahad, N. Singh, K. R. Rader, G. A. T. Sevilla, U. 

Schwingenschl, et al., “Exploring SiSn as channel material for LSTP device 

applications,” in Device Research Conference (DRC), 2013 71st Annual, 2013, pp. 

93-94. 
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2.2 Introduction 

There has been a growing interest in non-silicon semiconductors as potential replacement 

for silicon based electronics for the More-Moore approach. These developments are 

underway since scaling alone cannot achieve continued improvement of transistor 

performance as predicted by the Moore’s Law. In particular, short channel effects and high 

static power consumption due to increased gate leakage hamper scaling efforts [11]. These 

challenges can be mitigated by novel channel materials with better charge transport 

properties [12]. Prominent among the alternative channel materials being studied are 

graphene and other single atomic layer materials [13-15], III-V semiconductors [16-18], 

oxide semiconductors [19-21], and carbon nanotubes [22]. However, even in case of novel 

channel materials, a silicon wafer is still used as the starting substrate because of ease of 

handling and low cost. However, integration of alternative channel materials onto the 

silicon platform for CMOS fabrication has proved to be challenging.  

One of the ways of overcoming this challenge is to utilize alloys of elements in the group 

IVa of the Periodic Table. These are alloys of carbon (C), silicon (Si), germanium (Ge), tin 

(Sn), and lead (Pb). They are similar in structure and properties to silicon, which makes 

their integration onto a silicon wafer feasible. The band structure and semiconducting 

nature of alloys such as SiGe, SiSn and GeSn have been studied in the past by theoretical 

analyses of the conduction band and valence band for various compositions [23-25]. 

Moreover, several works have been dedicated to the fabrication of MOSFETs SiGe and 

GeSn [26-29]. In these studies, the semiconducting alloy was grown by either gas phase 

epitaxy or molecular beam epitaxy, which increases the cost of production significantly. In 

this chapter, we will investigate the novel semiconducting alloy, SiSn, as a potential 
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channel material using theoretical analysis as well as by fabrication and characterization of 

semiconducting devices. Various processes for obtaining device quality SiSn will be 

discussed along with the techniques used for material characterization. 

 

2.3 Theoretical Analysis 

2.3.1 Density Functional Theory (DFT) 

Density Functional Theory refers to a method of modelling the ground state of many-

particle atomic and molecular systems. The nuclei of the atoms or clusters are treated as 

fixed, while the Schrödinger equation is solved for the electrons in the potential created by 

the nuclei. In case of a lattice, the band structure can be obtained from the energy solutions 

for a given value of wave vector. Within DFT, the local density and generalized gradient 

approximations are commonly used for treating the exchange correlation potential. 

However, these approaches underestimate the bandgap in semiconductors. An efficient 

way to improve the calculated bandgap is the Tran-Blaha modified Becke-Johnson (MBJ) 

exchange potential [30], which is computationally economical and avoids atom dependent 

parameters. It has proven to yield accurate bandgaps for various bulk and monolayer 

semiconductors [31, 32]. All electronic structure calculations are performed using the full 

potential linearized augmented plane wave method as implemented in the WIEN2k code. 

Starting from the cubic diamond unit cell of silicon, we constructed 1×1×2, 1×1×4, and 

1×1×8 supercells in order to obtain Sn concentrations of 6%, 3%, and 1.5%, respectively. 

Convergence with respect to the technical parameters of the calculations has been checked 

carefully. In particular, we use for the product of the smallest muffin-tin radius and the 
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largest k-value a high value of 9, together with a mesh of 10×10×10 k-points and muffin-

tin radii of 2.1 Bohr for Si and 2.5 Bohr for Sn. The band structures obtained for SiSn are 

shown in Figure 2.1 for various Sn concentrations. The indirect band gap of SiSn as a 

function of the Sn concentration is depicted in Figure 2.2, indicating that the value can be 

well tuned by incorporation of Sn. A bandgap of 1.16 eV is obtained for pristine Si (in 

good agreement with the experimental value), which decreases under Sn doping. For a Sn 

concentration of 6% the bandgap is lowered to 1.04 eV. 
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Figure 2.1. Band structure for (a) silicon; and SiSn with (b) 1.5%, (c) 3% and (d) 6% tin 

concentration.  
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Figure 2.2. Variation of calculated band gap of SiSn with Sn concentration. Results calculated using 

both MBJ analysis and Vegard’s Law are plotted. 

 

2.3.2 Vegard’s Law 

Vegard’s Law is an empirical equation relating the band gap of a solid state mixture to 

those of the individual components and their respective proportions. Vegard’s law for solid 

solutions is given by [33]: 

𝐸𝑔(𝑆𝑖𝑆𝑛) = 𝑥𝐸𝑔(𝑆𝑛) + (1 − 𝑥)𝐸𝑔(𝑆𝑖) − 𝑏𝑥(1 − 𝑥) 

where Eg(SiSn), Eg(Si) and Eg(Sn) are the band gaps of SiSn, Si and Sn respectively, x is the tin 

concentration in SiSn, and b is the bowing parameter. We calculated the bowing parameter 

using the value of the SiSn band gap for 1.5% Sn concentration as 0.852 eV. This value 

was plugged back into the equation to obtain the values for 3% and 6% Sn concentrations 

(Figure 2.2). The band gap values thus calculated agreed well with those calculated using 
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the DFT model. In general, the value of the bowing parameter can vary with composition. 

To counter this effect and obtain a better fit for the value of the bowing parameter and band 

gaps subsequently calculated, we determined the bowing parameter for all values of Sn 

concentrations. We report the calculated values to be 0.852 eV, 0.866 eV, and 0.894 eV 

for 1.5%, 3%, and 6% Sn concentration, respectively. 

 

2.4 Tin Incorporation into Silicon 

2.4.1 Tin Solubility in Silicon 

Tin belongs to group IVa of the Periodic table and crystallizes into two allotropic forms 

known as α-tin and β-tin [34]. It is a malleable and ductile metallic element when it 

crystallizes in a body centered tetragonal lattice (β-tin) [35]. The other allotrope is known 

to crystallize in diamond cubic lattice like silicon and germanium. This allotrope of tin (α-

tin) is a grey semiconductor with zero direct bandgap [36]. Tin has an electronegativity of 

1.93 and an atomic radius of 145 pm [37, 38]. The basic properties of tin and silicon have 

been summarized in Table 2.1. 

Table 2.1. Basic properties of silicon and tin. 

 Silicon Tin 

Atomic Radius 110 pm 145 pm 

Electronegativity 1.90 1.93 

Crystal Structure Diamond Cubic Lattice Diamond Cubic Lattice (α-tin) 

Valency 4 2, 4 
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According to the Hume Rothery rules, the solvent and solute should have these properties 

for complete solid state solubility [39]: 

 The difference between atomic radii of the solute and the solvent should be less 

than 15 %. 

 The crystal structure of the solute and solvent should be the same. 

 The solute and solvent should have the same valency. 

 The solute and solvent should have similar electronegativity. 

The difference between the atomic radii for silicon and tin is 31.8 %, which implies that 

they might not form solid solutions in all concentrations. However, since the other three 

criteria are met, there is partial solubility of tin in silicon. There have been some reports of 

tin solubility in the literature [40-42]. These studies report a solid state solubility of around 

0.5% atomic concentration of tin in silicon. It has also been reported that even with such a 

large concentration of impurity in the silicon lattice, the room temperature resistivity of 

silicon-tin alloy does not vary drastically [41]. Hence, there is experimental evidence that 

tin does not act as either a donor or an acceptor in silicon lattice. Furthermore, tin atoms 

do not form any trap states or recombination centers for electrons and holes. This electrical 

neutrality is essential for fabrication of semiconducting devices using silicon-tin as a 

channel. 

2.4.2 Czochralski Process 

The Czochralski process (Cz) is a well-known method for obtaining high-quality, single-

crystalline silicon wafers for device fabrication. The process involves the “pulling” of a 

single-crystal silicon ingot from a pure silicon melt (and a dopant in most cases) using a 
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seed crystal attached to a pulling rod. The ingot is then sliced and polished to obtain a 

single-crystal silicon wafer. SiSn wafers can be obtained using the Cz process by 

introducing tin atoms in the silicon metal. This process has been reported for low 

concentrations of tin ([Sn] ~ 0.1 at %) [43, 44]. Further, it has also been reported that 

addition of Sn into the silicon melt suppresses oxygen and carbon related defects in the 

silicon lattice [43]. 

2.4.3 Tin Implantation into Silicon 

Ion implantation is a process by which ions of a particular material are implanted into the 

lattice of a host by accelerating the ions in an electric field and impacting them on the host 

substrate. Ion implantation is widely used by the silicon electronics industry to dope the 

silicon lattice with certain concentration of donor or acceptor impurities. Implantation is a 

well-studied and well-controlled process, mainly controlled by two key parameters – the 

ion beam energy and the dose. The energy is the amount of acceleration provided to the 

ions before collision with the host lattice. This parameter determines the depth up to which 

the ions will be implanted, for a given host substrate. The dose is concentration of the 

impurity or the amount of material implanted in the lattice. Together, these parameters can 

be independently controlled to obtain a particular concentration of a given ion for a 

particular host at a certain depth. 

Ion implantation can be used to implant tin atoms in the silicon lattice to obtain SiSn. Tin 

is a large and heavy atom, hence high energies are required to implant tin into silicon. 

Further, to obtain a high enough concentration to alter the band-gap and other electronic 

properties of the lattice, a high dose is required. We used the open source SRIM software 
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to obtain the energy and dose for Sn implantation for a typical SiSn device. For fabricating 

a metal-oxide-semiconductor (MOS) structure based device, the tin atoms have to be 

implanted up to at least 50 nm. This makes sure that the electron and hole conduction paths 

in the channel are completely in the SiSn lattice and the band structure is consistent with 

the DFT analysis. Further, Sn concentration should be around 0.5% to obtain a significant 

shift from the silicon lattice electronic properties. 

The penetration depth of the implanted Sn ions depends only on their energy. Table 2.2 

shows the ion energies and the corresponding implantation depth for tin atoms. For 50 nm 

implantation depth, the beam energy has to be greater than 90 keV. With 100 keV as the 

implantation energy, we ran simulations to obtain the depth profile for the implanted tin 

atoms as shown in Figure 2.3. It can be seen that the penetration of Sn ions is up to 54.3 

nm. For atomic concentration of 0.5%, the number of tin atoms in the lattice should be 

2.5×1020 cm-3. Hence, the implantation dose can be calculated from Figure 2.3, as 2×1015 

cm-2. These are very high energy and dose values for implantation. In general, because of 

the bombardment of the substrate with high energy ions, there is some damage to the lattice. 

The incoming ion transfers its energy to the atoms of the host substrate, which may result 

in the target atom getting dislodged from its lattice position. A single incoming ion can 

have multiple of such collisions causing severe damage to the lattice. This is particularly 

true for heavy elements such as Sn. This damage can even render the top surface of the 

lattice amorphous. Hence, we did not follow this process for obtaining SiSn film for device 

fabrication. 
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Table 2.2. Implantation depth for Sn atoms in silicon lattice. 

Energy (keV) Implantation Depth (nm) 

10 12.1 

50 32.9 

100 54.6 

500 218.0 

1000 434.5 

 

 

Figure 2.3. Depth profile and histogram of Sn atoms in silicon lattice at 100 keV implantation 

energy. 

 

2.4.4 Tin Diffusion into Silicon 

Some studies have shown the diffusion of tin into silicon at elevated temperatures. These 

studies have mainly concentrated on the depth of diffusion at various temperatures, thus 

determining the activation energy of diffusion. However, there exists a significant 

difference in the reported values of activation energies of diffusion in these works. Table 

2.3 compares the reported activation energies for these works. 
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Table 2.3. Comparison of various activation energy and diffusion constant values reported in 

literature for tin diffusion into silicon lattice. 

Reference Year 
Temperature 

(°C) 

Activation energy 

(eV) 

Diffusion constant 

(cm2/s) 

[45] 1968 1050 - 1200 4.25 32 

[46] 1974 1100 - 1200 3.5 0.0054 

[47] 1995 500 - 1200 4.91 ± 0.09 (5 ± 4)×103 

[48] 1997 900 - 1075 4.8 ± 0.3 (1.4 ± 3.6)×103 

[49] 2010 550 - 700 1.2 5.8 

 

The diffusion mechanism and lattice location of Sn in silicon has been studied and reported 

by Akasaka et al. in 1974 [46]. It is reported that most of the tin atoms occupy the 

substitutional positon in the silicon lattice, thus making covalent bonds with the adjacent 

silicon atoms. Formation of Si-Sn bonds is essential for the change in electrical properties 

of the lattice as predicted by theoretical analysis. 

For scalability and ease of fabrication, it is desirable to use a thin film of Sn as a source for 

the diffusion of Sn atoms. The thin film can be readily deposited using well-known 

processes such as sputtering or thermal evaporation, and the access tin can be removed 

using chemical methods. Tin has a relatively low melting point of 231.9 °C (505.05 K), 

however, the boiling point of tin is 2270 °C (2543 K). This is sufficiently high to allow for 

high anneal temperatures during diffusion from a source of Sn thin film. Further, the vapor 

pressure of tin at temperatures below 1000 °C is less than 10-3 Torr [50]. This provides an 

opportunity for vacuum annealing of tin thin films at high temperatures for diffusion. 
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As a source of tin atoms for diffusion, a thin film of Sn was deposited on a clean silicon 

wafer. The wafer surface was cleaned using sonicated baths of acetone, isopropanol and 

deionized water. The wafer was subjected to vapor hydrofluoric acid (HF) based cleaning 

to remove any native oxide layer before the deposition of Sn. Also, the wafer was 

immediately encased in a vacuum box after removal from the vapor HF chamber so that 

native oxide does not grow on silicon surface during transportation to the sputtering 

chamber. To further suppress the growth of native oxide, the sample was transferred from 

the vapor HF chamber to the deposition chamber and vacuumed as quickly as possible (<2 

minutes). Tin was then deposited on the wafer using argon plasma based sputtering 

(Angstrom Engineering, NEXDEP 120). The deposition was done at room temperature 

using argon plasma (10 sccm) at 5 mTorr pressure with a pure Sn target. The power was 

kept low (~15%) to avoid over-heating and melting of the Sn target, resulting in a low 

deposition rate of 0.1 nm/sec. The deposition was done for 200 seconds to obtain a 

thickness of 20 nm. This small thickness was chosen since the solubility of Sn in silicon is 

low. The silicon samples with Sn thin film were then annealed at 750 °C, for 20 minutes 

(Jipelec JetFirst, RTP). An inert argon ambient with a steady gas flow of 200 sccm was 

maintained during anneal. The temperature ramp was done from room temperature to the 

diffusion temperature in 1 minute. The samples were kept at the diffusion temperature for 

20 minutes to allow a uniform distribution of Sn atoms. The temperature was then gradually 

decreased to room temperature in 30 minutes. The gradual cooling of the sample ensured 

that there were no residual thermal stresses on the wafer. 

The silicon wafers were then cleaned using hydrochloric acid (HCl) bath to dissolve any 

residual free tin atoms on surface, according the following chemical reaction: 



39 

 

𝑆𝑛(𝑠) + 2𝐻𝐶𝑙(𝑎𝑞) → 𝑆𝑛𝐶𝑙2(𝑎𝑞)
+  𝐻2(𝑔)

 

The wafers were then further cleaned using successive baths of piranha solution 

(H2SO4:H2O2:H2O, 1:1:3, 120 °C) and buffered oxide etchant (HF:NH4F, 1:7) for ten 

minutes each. The wafers were finally washed thoroughly with deionized water and dried 

in a nitrogen ambient. Figure 2.4 shows the wafer after deposition, anneal and cleaning 

process. 

 

Figure 2.4. Silicon wafer after Sn deposition, anneal and cleaning. 

 

2.5 Material Characterization of SiSn 

Following the deposition, anneal and cleaning of the wafer, it was critical to characterize 

the SiSn sample for the presence tin. In this section, we discuss the material characteristics 

and the characterization methodology followed to obtain the results. 
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2.5.1 Secondary Ion Mass Spectrometry (SIMS) 

The depth of diffusion of Sn into the silicon lattice is an important parameter to determine 

whether the conduction channel formed during MOSFET operation has been completely 

and uniformly incorporated with tin. We utilized secondary ion mass spectrometry (SIMS) 

to determine qualitatively, the diffusion depth and the uniformity of diffusion of Sn. The 

sample is sputtered with a focused beam of primary ions to cause ejection of the surface 

ions as secondary ions [51, 52]. These ions are collected and analyzed using a mass 

spectrometer. 

The depth profiling experiment was carried out using a Dynamic-SIMS instrument (Hiden 

Analytical Ltd., Warrington, UK) under UHV conditions (10-9 Torr). The SIMS 

workstation is equipped with both argon and oxygen ion beams. While argon ions allow 

for a faster sputtering rate, the oxygen ions were used since they enhance the positive ion 

signals. The choice of oxygen was thus essential for improving the detection limit which 

is in the range of parts per billion for many elements. Before running a depth profile, the 

experimental conditions, including the energy and the current of the sputtering oxygen 

beam, were first optimized. Using oxygen at energy of 2 keV, the sputtering rate was high 

enough to allow for a reasonable analysis time and low enough to keep a good depth 

resolution. The raster of the sputtered area was estimated to be 300×300 µm2. Using an 

adequate electronic gating, the acquisition area from which the depth profiling data were 

extracted was approximately 50×50 µm2. Throughout the sputtering process, the selected 

positive ions ascribed to tin, silicon and other elements suspected of being present were 

sequentially collected using a MAXIM spectrometer equipped with a quadrupole analyzer. 

Ions were collected from the sample by a shaped extraction field and energy filtered using 
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a parallel plate system, with the energy resolution matched to that of the quadrupole 

analyzer. After passing through a triple filter system, detected ions were measured using a 

pulse counting detector having a 4 keV post acceleration potential to increase the detection 

efficiency at high masses. In order to convert the sputtering time scale to depth scale, the 

depth of the crater produced at the end of the experiment was scanned using a profilometer 

(Veeco Instruments Inc., NY, USA). The depth profiles of tin and silicon are as shown in 

Figure 2.5. It can be clearly seen that the Sn level is maintained through a depth of 800 nm 

inside the silicon lattice hence, we expect the top surface of the silicon lattice to exhibit the 

electronic characteristics of SiSn as predicted in the theoretical analysis. Even though a 

limited source thermal diffusion into silicon should result in a Gaussian profile, we believe 

that the limited solid solubility of tin in silicon enable the uniformity of the diffusion 

profile. 

 

Figure 2.5. SIMS depth profile of SiSn wafer shows a uniform diffusion of tin into silicon lattice. 
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2.5.2 Energy Dispersive X-ray Spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy is an analysis methodology which utilizes the fact 

that all atoms have a characteristic emission spectrum based on the difference in energies 

of various electronic bands. The emission of X-rays is brought about by exciting the sample 

by focusing a beam of high energy electrons on the surface, which excite and eject electrons 

from the inner shells of the atoms [53-55]. This creates a hole or an electron vacancy in the 

band, which is immediately filled by an electron in the higher energy bands. The transition 

of an electron from the high energy state to a low state causes the release of a photon of 

energy equal to the difference between the energies of the two bands. These energies are 

unique to atoms, hence the detection of energy and intensity of the X-rays gives an 

indication of the atoms present in the sample along with their relative concentration. 

In case of the SiSn, the wafer was cleaved into small samples (1×1 cm2) and loaded in FEI 

Quanta 200 SEM system at a pressure of 10-4 Pa. An electron beam with energy 25 keV 

was focused on the sample surface at a magnification of 10,000× and a working distance 

of 10 mm from the pole piece. The X-rays emitted from the sample where detected using 

the FEI EDAX detector. The spectrum obtained has clear peaks for silicon and tin as shown 

in Figure 2.6. From various EDS measurements on different areas of the samples, the 

atomic percentage of Sn in silicon is estimated to be in the range of 0.5 to 1%. While SIMS 

was used to verify the uniformity of Sn incorporation in the direction normal to the surface 

of the wafer, EDS mapping was used to analyze the uniformity of diffusion in the lateral 

direction. Figure 2.7 shows the surface map of silicon and tin for a 30×30 µm2 sample area. 
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It can be clearly seen that the presence of Sn atoms is not concentrated in one location 

indicating that there is no segregation or coagulation of Sn. 

 

Figure 2.6. EDS spectrum for the surface of SiSn sample. A clear peak corresponding to for Sn Lα 

energy can be identified. 

 

 

Figure 2.7. EDS map of surface of SiSn wafer shows a small but uniform presence of Sn atoms 

incorporated into the silicon lattice. 
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2.5.3 Transmission Electron Microscopy (TEM) 

Having confirmed the presence of tin in the silicon lattice, it was essential to see if the 

original silicon lattice was still intact or disrupted by the diffusion of the tin atoms. Since 

tin atoms occupy the substitutional lattice sites, SiSn was expected to look similar to the 

silicon lattice. To observe the lattice structure, we used high resolution transmission 

electron microscopy (HR-TEM), in which a beam of electrons is transmitted through a thin 

layer of sample. The electrons interact with the atoms and molecules in the sample and are 

detected by a sensor, resulting in an image of the sample “as seen” by the electrons. The 

detected signal is then analyzed and presented in the form of high resolution grey scale 

image of the sample [56]. Because the De Broglie wavelength of high energy electrons is 

far less than visible light, the acquired image can have very high resolution. 

The SiSn cross-section sample was prepared using the focused ion beam (FIB) etching 

technique (FEI Quanta 3D), to obtain a thin slice of the top surface of the SiSn wafer. The 

sample was then studied using FEI Titan TEM. Figure 2.8 shows the cross-section image 

of the SiSn lattice. The silicon atoms can be clearly seen arranged in perfect order thus 

showing no damage from Sn diffusion. Tin atoms are hard to distinguish because of their 

rarity in the lattice. 
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Figure 2.8. Cross-section TEM image of a SiSn wafer. Scale bar is 2 nm. 

 

2.5.4 Atomic Force Microscopy (AFM) 

One of the key features of a silicon wafer is the high quality of surface polish and 

smoothness attainable using chemical mechanical polishing. A highly polished silicon 

wafer can have root mean square (RMS) surface roughness as low as 0.2 nm [57]. This 

smooth surface helps obtain high quality interfaces with various oxides used as gate 

dielectrics, and helps reduce surface scattering events during operation of semiconducting 

devices. Hence, it is important for SiSn wafers to retain a smooth surface after the Sn 

incorporation so as to be able to create defect-free interfaces with high-κ dielectrics. 

We used a technique called atomic force microscopy (AFM) to obtain the surface 

roughness of SiSn samples after incorporation of tin. In this process, a cantilever with a 

sharp tip and a reflective back surface is positioned on the sample, and a laser beam is 

focused on the back of the sample. The reflected light is detected using a light sensor. When 

the cantilever is moved around on the sample, it flexes and straightens due to the profile of 

the sample. These deflections of the cantilever are detected through the movement of the 
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reflected beam of light from the back surface. The deflections are then used to calculate 

the surface profile of the sample. AFMs have tremendous vertical resolution, sometimes 

up to sub-nanometer due to the “contact” nature of the device [58, 59]. 

To obtain the surface profile of SiSn wafers, a small sample of 1×1 cm2 was cut from the 

wafer. The sample was then carefully placed on the AFM stage (Agilent 5400 AFM) and 

held in place using Scotch tape. A silicon AFM probe tip (Ted Pella, Inc.) was attached to 

the holder and the laser was switched on. The detector was placed in an optimum position 

so as to obtain the best signal to noise ratio. The I (integral) and P (proportional) gains for 

the internal servo loop where set at 3%, while the set point value (which represents force 

applied by the tip on the sample) was set to 3 V. The gains indicate the response time of 

the internal servo to changes in topography and the values are generally kept the same for 

I and P. The scan window was chosen to be 1×1 µm2. The scan speed was set at 0.1 

lines/sec. This very low scan speed was chosen in order to allow time for the system to 

map the topography accurately. The resolution of the image was kept at 256 points/line. 

 

Figure 2.9. Surface topology of SiSn wafers measured using AFM. 
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The 3-D surface topography image of the SiSn wafer is as shown in Figure 2.9. There is 

no sign of significant damage from the tin incorporation on the surface. The apparent 

aberrations on the wafer are very tiny particles exacerbated due to the low value of the 

vertical scale. The RMS surface roughness measured for the sample is 0.34 nm which is 

very close to the surface roughness of pristine silicon wafers [57]. 

2.5.5 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a technique based on the scattering of X-rays by electrons called 

“elastic scattering”. In XRD, the sample surface is illuminated with a focused 

monochromatic source of X-rays. These photons are scattered by the atoms (through elastic 

scattering from electrons) causing spherical wave-fronts to be emitted from every 

individual atom. Because single crystal lattices have a regular arrangement of atoms, these 

individual wave fronts interfere in a deterministic manner. The directions in which these 

waves interfere constructively are given by the Bragg’s law of diffraction [60]: 

2𝑑 sin 𝜃 = 𝑛𝜆 

where d is the distance between the successive crystallographic planes, θ is the direction 

of constructive interference, n is a positive integer and λ is the wavelength of the incident 

light. In case of investigation of SiSn crystal structure using XRD, we used Bruker D8 

Advance, employing a standard copper X-ray source (λKα = 1.514 Å) to obtain the 

spectrum. The sample (1×1 cm2 in size) was placed in the chamber, following which the 

X-ray source power was started at 20 kV, 5 mA and ramped up to 40 kV, 40 mA. The X-

ray source and detector were rotated from 10° to 90° with respect to the sample surface as 



48 

 

shown in Figure 2.10. The XRD spectra obtained for both silicon and SiSn are shown in 

Figure 2.11. 

 

Figure 2.10. Schematic illustration of the “locked-coupled” XRD scan. 
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Figure 2.11. XRD spectrum of pure silicon and SiSn samples. SiSn values have been shifted by 3 

orders of magnitude for clarity. 

 

It can be seen from the Figure that there is little to no difference in the spectra of silicon 

and SiSn. This can be due to the small amount of tin content in silicon. Further, since the 

penetration depth of Cu Kα X-rays in silicon lattice is around tens of microns, the 

information in the spectrum may also be from an area which does not have any tin 

incorporation in the SiSn sample. 
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2.6 SiSn Devices 

2.6.1 SiSn Diodes 

The most simple and fundamental semiconductor device is a p-n junction diode. An abrupt 

junction is formed when p-type and n-type semiconductors are brought together into 

physical and electrical contact. Because there is no current in thermal equilibrium, the net 

diffusion current is zero. This necessitates that there is no change in Fermi level across the 

junction. Figure 2.12 shows the formation of an abrupt, homogenous junction, using a 

heavily doped n-type (n++) and a lightly doped p-type (p-) semiconductor. 

 

Figure 2.12. Schematic illustration of formation of a homogenous, abrupt, p-n junction. 

 

Because the Fermi levels are conserved, the conduction and valence bands shift 

equivalently in opposite directions to form the p-n junction. This shift in bands is 
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responsible for the formation of a built-in potential across the junction. This junction 

potential can be physically understood by considering the migration of some majority 

carriers from both sides across the junction, so that the charged impurity kernels are 

exposed and an electric field is formed opposing the said migration. In mathematical terms, 

the built-in potential can be obtained from the shift in conduction and valence bands of the 

initial samples as: 

𝑞𝜓𝑏𝑖 = 𝑞𝜓𝑏𝑝 + 𝑞𝜓𝑏𝑛 

𝑞𝜓𝑏𝑖 = 𝐸𝑔 − (𝑞𝜙𝑝 + 𝑞𝜙𝑛) 

where all the quantities are as indicated in Figure 2.12. Now, the departure of Fermi level 

from the intrinsic energy level is obtained from Boltzmann’s statistics for nondegenerate 

semiconductors as: 

𝜙𝑛 =
𝑘𝑇

𝑞
ln (

𝑁𝑐

𝑁𝑑
) 

𝜙𝑝 =
𝑘𝑇

𝑞
ln (

𝑁𝑣

𝑁𝑎
) 

where k is the Boltzmann’s constant, T is the temperature, q is the electron charge, Nc and 

Nv are the density of states for the conduction and valence bands, respectively, while Na 

and Nd are the acceptor and donor concentrations, respectively. Thus, the built-in potential 

is obtained as: 

𝑞𝜓𝑏𝑖 = 𝐸𝑔 − 𝑘𝑇 ln (
𝑁𝑐𝑁𝑣

𝑁𝑎𝑁𝑑
) 
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Hence, the built-in potential of a p-n junction is directly dependent on the band gap of the 

semiconductor. It is interesting to note that the quantities in the numerator of the natural 

logarithm in the equation are dependent on the effective mass of the semiconductor. Thus, 

it is expected that a change in band gap and DOS parameters of a semiconductor will affect 

the built-in potential of the diode. Further, the band gap also directly affects the breakdown 

of a p-n junction diode. Breakdown occurs when a high reverse voltage is applied across 

the junction. This high electric field accelerates the electrons travelling across the junction, 

such that they have enough kinetic energy to create an electron-hole pair. This 

phenomenon, known as impact ionization, results in the creation of more carriers that are 

themselves accelerated, creating further more carriers. This process, known as avalanche 

breakdown, is a positive feedback process causing a very high current at a particular reverse 

voltage. This reverse voltage which causes the breakdown should be enough to accelerate 

the carriers to an energy that is slightly above the band gap energy of the semiconductor to 

cause impact ionization and start the breakdown. In case of lower band gaps, the energy 

for impact ionization is lower, thus leading to lower breakdown voltages. Hence, it is also 

expected that the reverse breakdown voltage for a semiconductor with lower band gap 

should be lower. We found the band gap of SiSn to be lower than silicon in our theoretical 

analysis, we expected the built-in potential and the reverse breakdown voltage to be lower 

for SiSn compared to silicon.  

To verify the change in band gap for SiSn as compared to silicon, we fabricated abrupt, 

homogenous junction diodes. To obtain SiSn with uniform Sn diffusion profile, we 

followed the process detailed in section 2.4.4. We then deposited 300 nm of silicon oxide 

on the wafers using plasma enhanced chemical vapor deposition (PECVD) at 300 °C 
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(Oxford PlasmaLab 100). The active areas were exposed using photolithography and 

reactive ion etching (RIE) of silicon oxide (SiO2). The active areas were implanted with 

arsenic (As, 30 keV, 5×1015 cm-2, no tilt) to make the top surface of the lattice heavily 

doped n-type and hence form a p-n junction. We activated the implanted arsenic using rapid 

thermal anneal process (Jipelec JetFirst, 1000 °C, 30 seconds, N2/H2 ambient). We 

deposited a thin film of Ni (50 nm) using e-beam evaporation and annealed the sample 

(Jipelec JetFirst, 450 °C, 5 minutes, argon ambient) to form nickel silicide on the active 

areas for ohmic contact to the heavily doped region. The residual nickel was removed using 

a chemical bath (H2SO4:H2O2:H2O, 120 °C, 10 minutes). Finally, 200 nm aluminum was 

deposited using argon plasma sputtering process (400 W, 25 sccm, 5 mTorr), and 

subsequently patterned using RIE to form metallic contacts to the active region. The 

process flow is schematically illustrated in Figure 2.13. To compare the performance of 

SiSn diodes with silicon, the control samples were fabricated following the same process 

steps and process conditions, apart from the Sn deposition step. 

 

Figure 2.13. Process flow followed for fabricating SiSn abrupt p-n junction diodes. 
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The formation of a junction, and the diffusion of Sn into the silicon lattice were verified by 

performing secondary ion mass spectroscopy (SIMS) on the active area of the diode. The 

fabricated SiSn and silicon control diodes were characterized using Keithley 4200 SCS 

semiconductor parameter analyzer coupled with a Cascade Microsystems MA150 probe 

station. For forward bias operation, a negative voltage was applied to the aluminum pad 

contacting the n++ region, while the substrate was grounded. Figure 2.14 shows the 

forward bias I-V characteristics for a representative device. The current increases 

exponentially after the built-in potential is applied to the junction, as expected from the 

diode characteristic equation: 

𝐼 = 𝐼0 (exp (
𝑞(𝑉 − 𝜓𝑏𝑖)

𝑘𝑇
) − 1   ) 

where I0 is the device current at large negative bias, V is the applied potential difference 

across the junction, ψbi is the built-in potential of the diode, q is the electron change, k is 

the Boltzmann’s constant and T is the temperature. From this equation, it can be seen that 

the current remains negative until a forward bias equal to the built-in potential of the diode 

is applied. The current increases exponentially thereafter. Figure 2.15 shows the statistical 

distribution for the measured built-in potential. We report the built-in potentials as 

(0.4±0.1) V for silicon and (0.30±0.07) V for SiSn. Hence, the difference between the 

average built-in potentials for SiSn and silicon was 0.1 V. This lowering of built-in 

potential was expected from the lowering of band gap in SiSn. Figure 2.16 shows the wafer 

map indicating the locations of the measured devices on a 4” wafer and their respective 

built-in potentials. The locations with no color indicate failed devices. The die yield for the 

four wafers fabricated for this work was observed to be 64.2%. 
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Figure 2.14. Forward bias I-V characteristic for representative silicon and SiSn diodes. 

 

 

Figure 2.15. The distribution of measured built-in potentials for silicon and SiSn diodes and the 

change in average built-in potential. 
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Figure 2.16. Wafer map of the ψbi for the fabricated p-n junction diodes. 

 

For reverse bias operation, a high positive voltage was applied at the aluminum pad, while 

the substrate was grounded. Figure 2.17 shows the representative I-V curve for a reverse 

biased SiSn and silicon device. The reverse bias current mainly comprises of diffusion 

current (from the minority carriers) and current from the generation of electron-hole pairs 

in the depletion region due to thermal emission (because p × n < ni
2). The emission current 

increases with the increase in depletion region, which is in turn strongly dependent on the 

applied electric field. Hence, reverse current increases steadily with applied voltage (before 

the breakdown). At breakdown, a surge in current can be clearly seen (Figure 2.17). This 

surge in current indicated the avalanche breakdown of the diode and hence the potential at 

which it occurred was the measured breakdown voltage. Figure 2.18 shows the statistical 

distribution of measured breakdown voltages. We report the breakdown voltage for SiSn 

diodes as (2.2±0.2) V and that for silicon as (2.4±0.2) V. Thus, a decrease of 0.2 V was 

observed in the average breakdown voltage for SiSn didoes as compared to the silicon 

control devices. This lowering was, again, as expected from theory since the band gap of 
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SiSn is lower thus requiring a lower potential to create impact ionization across the 

junction. The breakdown voltage for an abrupt junction diode is given by [61, 62]: 

𝑉𝑏𝑟 = 5.2 × 1013𝑁𝑎

−
3
4𝐸𝑔

3
2 

where Na is the acceptor concentration in cm-3 and Eg is the band gap in eV. With the 

acceptor concentration assumed to be invariant with the incorporation of Sn, the band gap 

of SiSn can be expressed as: 

𝐸𝑔(𝑆𝑖𝑆𝑛) = 𝐸𝑔(𝑆𝑖) (
𝑉𝑏𝑟(𝑆𝑖𝑆𝑛)

𝑉𝑏𝑟(𝑆𝑖)
)

2
3

 

Now, both Vbr(SiSn) and Vbr(Si) are statistical variables with the distribution shown in Figure 

2.18. The band gap of silicon is well known and is considered constant at 1.16 V for this 

analysis. When these statistical values are used to calculate the value of the band gap of 

SiSn using the above equation, following the standard rules of error propagation for 

statistical variables, the experimental band gap is obtained as 1.11±0.09 eV. This is in 

agreement with the expected value of close to 1.13 eV for ~1% Sn in silicon calculated 

using DFT analysis. The agreement between the expected and calculated values of band 

gap of SiSn provides evidence that the fabricated devices follow p-n junction physics and 

the observed effects are from band gap changes rather than parasitic effects like Fermi level 

pinning. 
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Figure 2.17. Reverse bias I-V characteristics of a representative silicon and SiSn diode. 

 

 

Figure 2.18. Distribution of breakdown voltage for all measured silicon and SiSn diodes. 
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2.6.2 SiSn MOSFETs 

For fabrication of p-type MOSFETs, we started with lightly doped n-type silicon prime 

wafers (Silicon Quest International, 10 Ω∙cm, phosphorus doped). We deposited a 400 nm 

thick silicon oxide film, as field oxide, using plasma enhanced chemical vapor deposition 

(PECVD) using SiH4/N2O plasma at 300 °C for 7 minutes (Oxford PlasmaLab 100). We 

patterned the oxide using AZ 3027 positive photoresist, which was spin coated at 1750 

r.p.m. to obtain 4 µm thickness, followed by broadband UV exposure at 200 mJ/cm2 

(EVG6200∞ Mask Aligner). We developed the photoresist using AZ 726 MIF and etched 

the oxide film using reactive ion etching (RIE) to expose the active area using C4F8/O2 

plasma at 10 °C for 90 seconds (Oxford PlasmaLab 100). We formed the gate dielectric by 

depositing Al2O3 using plasma assisted atomic layer deposition (ALD) at 300 °C using 

trimethyl aluminum (TMA, Al(CH3)3) as a precursor for aluminum and O2 plasma as 

precursor for oxygen (Oxford Instruments FlexAL). The deposition proceeded at the rate 

of 0.1 nm/cycle, thus requiring 200 cycles for a 20 nm layer. We deposited a 200 nm layer 

of heavily doped (ρ = 2-3 mOhm·cm) polycrystalline silicon using PECVD at 650 °C for 

5 minutes (Oxford PlasmaLab 100). We then formed vertical spacers to protect the gate 

dielectric from the implantation damage by depositing 100 nm SiNx using PECVD at 300 

°C for 10 minutes (Oxford PlasmaLab 100). This was followed by an anisotropic etch using 

RIE at 10 °C for 2 minutes (Oxford PlasmaLab 100). The source and drain were implanted 

with boron (BF2, 10 keV, 5E15 cm-2) to obtain a heavily doped p-type region. We annealed 

the wafers at 950 °C for 30 seconds in argon ambient for dopant activation (Jipelec 

JetFirst). For formation of ohmic contacts, we salicided the source, drain and gate regions 

by depositing 50 nm nickel using argon plasma based sputtering using a pure nickel 
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sputtering target (ESC Metal Sputter System), followed by annealing in inert ambient at 

450 °C for 30 seconds (Jipelec JetFirst 200). The annealing leads to the formation of nickel 

silicide and creates an ohmic contact between the contact metal and the heavily doped 

semiconductor. The unconsumed nickel was removed using a bath of piranha solution 

(H2SO4:H2O2:H2O at 120 °C) for 5 minutes. We then deposited aluminum as contact metal 

using argon plasma (25 sccm) sputtering process at room temperature, 5 mTorr pressure, 

400 W power (ESC Metal Sputter Systems). Aluminum thin film (200 nm) was patterned 

using AZ 1512 positive photoresist spun at 3000 r.p.m. to obtain 1.6 µm thickness and 

exposed using broadband UV at 40 mJ/cm2. The photoresist was developed using AZ 726 

MIF for 25 seconds and the aluminum layer was subsequently etched using RIE at 80 °C 

for 80 seconds using Cl2/BCl3 plasma (Oxford PlasmaLab 100). The final devices were 

sintered at 400 °C in argon ambient for 5 minutes to remove the oxide charges (Jipelec 

JetFirst 200). Figure 2.19 shows the process flow followed for device fabrication, while 

Figure 2.20 shows the top view scanning electron microscopy image of the fabricated SiSn 

MOSFETs. 
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Figure 2.19. Schematic illustration of the process flow for SiSn MOSFET fabrication. 
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Figure 2.20. Top view scanning electron microscopy (SEM) images of two SiSn MOSFETs with 

L = 5 µm and W = 50 µm (left) and W = 20 µm (right). The scale bars 10 µm. 

 

The fabricated MOSFET devices were probed for characterization using Cascade 

Microsystems MA150 probe station. The electrical characterization was done using a 

Kiethley 4200SCS semiconductor parameter analyzer. To obtain the transfer 

characteristics of the devices, the source was grounded (VS = 0 V), while the gate voltage 

(VG) was swept from +5V to -5V. For saturation mode of operation, the drain voltage was 

held at -5 V (VDS = VDD). The transfer characteristics, in saturation mode, for representative 

SiSn and silicon p-type MOSFETs are shown in Figure 2.21. 
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Figure 2.21. Transfer characteristics (Id-Vg) for SiSn and silicon device with L=5 µm and widths 

from 5 to 50 µm. 

 

Our theoretical analysis predicted a change in the band structure of silicon with 

incorporation of Sn, this change results in a change in the mobility of the charge carriers 

(in this case holes) because of a change in their effective mass. We calculated the field 

effect mobility of SiSn MOSFETs to compare their performance with silicon control 

transistors. The field effect mobility is obtained from the transfer characteristics of a device 

in linear mode of operation. The drain voltage was held at -50 mV (VDS = VDD/100) to 

obtain the linear mode transfer characteristics. In general, the drain current of a MOSFET 

is a combination of the drift current and the diffusion current [63]: 

𝐼𝐷 =
𝑊µ𝑄𝑛𝑉𝐷𝑆

𝐿
− 𝑊µ (

𝑘𝑇

𝑞
)

𝑑𝑄𝑛

𝑑𝑥
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where L and W are the length and width of the transistor channel, Qn is the mobile charge 

density in the channel, µ is the channel mobility, k is the Bolztmann’s constant, T is the 

temperature, q is the electronic charge and x is the distance from the source to the drain. 

For low channel fields (VDS = -50 mV), the channel charge density is mostly uniform from 

source to drain. Thus, 

𝑑𝑄𝑛

𝑑𝑥
= 0 

and hence the diffusion component of the current can be dropped. Further, the charge 

density in the channel can be approximated as the inversion charge, which is the surface 

charge that forms due to a strongly negative gate bias that attracts the minority carriers 

(holes). This inversion charge layer is formed as an image charge for gate voltages that 

exceed a certain voltage called the threshold voltage (Vt). This is the voltage at which the 

transistor is said to have switched, and is obtain by extrapolating the linear part of the 

transfer characteristics up to the gate voltage axis. In case of inversion mode, the gate acts 

as a capacitance with the gate oxide as the dielectric and the difference between the 

threshold voltage and the applied gate voltage (called the gate overdrive), as the voltage 

between the plates. Hence, the surface charge density is given by: 

𝑄𝑛 = 𝐶𝑜𝑥 (𝑉𝐺𝑆 − 𝑉𝑡) 

where Cox is the gate oxide capacitance per unit area. With these assumptions, the mobility 

can be obtained as [63], 

µ𝐹𝐸 = (
𝐿

𝑊𝐶𝑜𝑥 𝑉𝐷𝑆 
)

𝛿𝐼𝑑

𝛿𝑉𝐺𝑆
 



65 

 

The field effect mobility with respect to the applied gate overdrive is shown in Figure 2.22. 

It is observed that the mobility drops significantly for 𝑉𝐺𝑆 = 𝑉𝑡. This is mainly because as 

the gate voltage is reduced, the channel charge density reduces, making the ionized 

impurity scattering and the Coulomb scattering from oxide trapped charges significant. 

With increase in gate voltage, the increase in inversion charge screens these scattering 

mechanisms and phonon scattering dominates, which increases the mobility. However, 

with further increase in gate voltage, the value of mobility starts to decrease again due to 

high phonon scattering. It was observed that the decrease in mobility after the peak value 

is higher for SiSn compared to silicon. This can be attributed to the fact that phonon 

scattering is larger in SiSn lattice due to the presence of large Sn atoms. The value of 

effective mobility is taken at the peak of the mobility variation with gate voltage. Figure 

2.23 shows the statistical distribution of the field effect hole mobility for all the 

characterized devices. We report the average field effect hole mobility for SiSn to be (75 

± 9) cm2/V·s compared to (66 ± 9) cm2/V·s for silicon devices. Hence, we have an increase 

of 13.6% in the average field effect mobility of the SiSn devices compared to the silicon 

control. In practice, this increase in mobility can partly be due to the straining of the silicon 

lattice. Strain engineering in silicon is generally done using epitaxially grown SiC and SiGe 

in the source and drain regions [64, 65]. Hence, diffusing Sn into silicon can also offer a 

unique way to strain the silicon channel directly without changing its semiconducting 

properties. 
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Figure 2.22. Field effect mobility of silicon and SiSn MOSFETs with respect to the applied gate 

overdrive. 

 

 

Figure 2.23. Statistical distribution of mobility calculated for all the measured silicon and SiSn 

MOSFETs. 
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2.6.3 Discussion 

Apart from the expected results from change in band gap for SiSn devices, there were 

several interesting experimental results observed for SiSn MOSFETs in comparison with 

silicon MOSFETs. These are enumerated and discussed in this section: 

 Reduced off current (Ioff): It has been observed for all the measured MOSFET devices, 

the off state current for SiSn devices is lower than that for silicon. The off current is 

defined as the current through the channel when the source and drain are biased (VS = 

0 V, and VD = 5 V), while the gate voltage is kept at 0 V (VGS = 0 V). In case of non-

standard threshold voltage device, the off current is the current when the device is in 

accumulation region. This result has been plotted as a cumulative probability of off 

current being lower than a certain value as shown in Figure 2.24. Because the leakage 

current in a circuit is responsible for the static power consumption, it can be assumed 

that using SiSn devices instead of silicon devices can reduce the static power 

consumption due to the lower off current. Hence, SiSn based transistors can find 

application in low stand-by power (LSTP) and mobile devices. 
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Figure 2.24. Cumulative probability of Ioff current for silicon and SiSn MOSFETs. The points on 

the graph show the probability (on Y-axis) of the Ioff being lower than the X-axis. 

 

This is an interesting effect because the on state current for SiSn remains the nearly 

the same. The on state current is defined as the current from source to drain when both 

the drain and the gate electrodes are at VDD (VS = 0 V, VD = 5 V, VGS = 5 V). The on 

state current is observed to be ~2× lower for SiSn, while the off state current is seen 

to be 10× lower (Figure 2.25). Hence, we obtain a higher Ion/Ioff ratio for SiSn 

MOSFETs as shown in Figure 2.26. 
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Figure 2.25. The average measured on and off currents for silicon and SiSn devices versus gate 

length. 

 

 

Figure 2.26. Distribution of Ion/Ioff ratio for silicon and SiSn with gate length. 
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These results can be explained from the device fabrication and lattice structure of the 

channel. It is intriguing that the on state current is lower even when the channel 

mobility is found to be higher. This can be explained from the drop in mobility of the 

carriers for high gate field due to the phonon scattering events. Because SiSn contains 

large tin atoms in the lattice, there is a higher probability of collision of charge carriers 

with them. Hence, the currents measured for SiSn devices were lower. Further, it is 

suspected that the nickel salicidation and metal contact step which are optimized for 

silicon devices may have to be optimized for SiSn devices.  

 Shift in threshold voltage (Vt): The threshold voltage of a MOSFET is defined as the 

gate voltage at which the device goes from depletion mode to inversion mode. This is 

the voltage after which there is a surge in the channel conductivity due to the formation 

of an inversion charge layer. The threshold voltage is obtained experimentally by 

extrapolating the line of maximum transconductance to the voltage axis on the transfer 

characteristics of a transistor. This can be mathematically expressed as [66]: 

𝑉𝑡 = 𝑉𝑔𝑚(𝑚𝑎𝑥)
−

𝐼𝑔𝑚(𝑚𝑎𝑥)

𝑔𝑚(𝑚𝑎𝑥)
 

where, gm(max) is the maximum transconductance and the voltage and current are taken 

at the value of maximum gm. We calculated the value of threshold voltage for both 

silicon and SiSn devices and it was found that there is a shift in the threshold voltage 

in the positive direction with incorporation of Sn in silicon. We calculated the 

threshold voltage for silicon transistors as (0.20±0.06) V, while that for SiSn 

transistors to be (0.8±0.1) V. The distribution of the threshold voltage is as shown in 

Figure 2.27. 
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Figure 2.27. Variation in threshold voltage for all the measured SiSn and silicon MOSFETs. The 

points represent the measured values and the dotted lines correspond to the average values. 

 

This shift in threshold voltage can be explained from the theory of MOS devices. 

Quantitatively, the threshold voltage can be defined as the gate voltage at which the 

surface potential of the semiconductor is just enough for inversion [67]: 

𝑉𝑡 = 𝜙𝑆(𝑖𝑛𝑣) −
1

𝐶𝑜𝑥
 √−2휀𝑠𝑞𝑁𝐷𝜙𝑆(𝑖𝑛𝑣) 

where Cox is the gate capacitance per unit area, εs is the dielectric constant of the 

semiconductor, q is the electron charge, ND is the donor concentration and ϕS(inv) is the 

surface potential of the semiconductor at the onset of inversion, which can be 

quantified as: 

𝜙𝑆(𝑖𝑛𝑣) =  −
2𝑘𝑇

𝑞
ln (

𝑁𝐷

𝑁𝑖
) 
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where, k is the Boltzmann’s constant, T is the temperature and Ni is the intrinsic carrier 

concentration of the semiconductor. The threshold voltage obtained from this equation 

is, however, an ideal value because it assumes a perfect interface between the 

semiconductor and the gate oxide, and a perfect gate oxide with uniform dielectric 

constant. These properties are not seen in practice, particularly because of the trapped 

charges in the oxide (fixed and mobile) and the trapped charges at the interface. 

Further, the ideal Vt equation assumes the flat band voltage to be 0 V, i.e., there is no 

difference between the Fermi energy levels of the gate metal and the semiconductor. 

This is also not true in practice, hence, a term to correct for the difference in Fermi 

levels, the metal-semiconductor workfunction difference, is added to the equation. 

With these additions, the real threshold voltage equation becomes [67]: 

𝑉𝑡(𝑡𝑟𝑢𝑒) = 𝑉𝑡(𝑖𝑑𝑒𝑎𝑙) + 𝜙𝑀𝑆 −
𝑄𝑇

𝐶𝑜𝑥
 

where, ϕMS is the metal-semiconductor workfunction difference and QT is the total 

charge density from mobile ions and fixed charges in the gate oxide and interface 

trapped charges. Hence, there are several parameters that affect the measured threshold 

voltage of a transistor. In particular, since SiSn and silicon have slightly different band 

structures, there is a change in the metal-semiconductor workfuction. However, since 

this change is very small ~0.1 eV, the difference in threshold voltage has to be 

accounted from the total charge density. Further, since the gate oxide deposition was 

done in using the same tool and recipe for both the devices, there cannot be a drastic 

change in the mobile and fixed trapped charges in the gate oxide. Thus, the shift in 

threshold voltage is attributed to the trapped charges in the interface between gate 
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oxide and SiSn. Indeed, the diffusion of tin has increased the interface traps at the top 

surface of the semiconductor causing more charges to be trapped and shifting the 

measured threshold voltage. 

 

2.7 Summary 

In summary, we have studied a novel semiconducting material SiSn using theoretical 

analysis and experimental fabrication of semiconducting devices. The results obtained 

suggest a change in the band structure of silicon lattice due to incorporation of tin atoms. 

The same is observed from experimental characterization of the fabricated semiconductor 

devices. We observed a change in built-in and reverse breakdown voltage for SiSn diodes. 

Further, we calculated a change in the field effect mobility of the MOSFETs. There were 

several effects of tin incorporation that were not expected from theoretical analysis, 

however, their possible origins have been discussed. Importantly, with the incorporation of 

tin atoms, the semiconducting properties of silicon lattice are maintained, and actually 

enhanced in some cases. We acknowledge that since SiSn is a very new material, this being 

the only work known to us that experimentally demonstrates SiSn semiconducting devices, 

hence, there are several open questions and challenges that we have not been able to 

address. These have been discussed in detail in Chapter 5. 
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Chapter 3 Three Dimensional (3D) Integration of Flexible Silicon 

 

3.1 Publication History 

This chapter contains excerpts from the following publications [1, 68, 69]: 

 A. M. Hussain and M. M. Hussain, “CMOS-Technology-Enabled Flexible and 

Stretchable Electronics for Internet of Everything Applications,” Adv. Mater., vol. 

28, pp. 4219-4249, 2016. 

 A. M. Hussain, S. F. Shaikh, and M. M. Hussain, “Design criteria for XeF2 enabled 

deterministic transformation of bulk silicon (100) into flexible silicon layer,” AIP 

Adv., vol. 6, p. 075010, 2016. 

 A. M. Hussain and M. M. Hussain, “Deterministic Integration of Out-of-Plane 

Sensor Arrays for Flexible Electronic Applications,” Small, 2016. DOI: 

10.1002/smll.201600952. 

 

3.2 Introduction 

In their 2008 white paper [3], the International Technology Roadmap for Semiconductors 

(ITRS) clearly state the importance of developing new architectures for the continuation of 

Moore’s Law. One of the recently introduced novel architectures for silicon CMOS is the 

vertical integration of devices to form three dimensional integrated circuits (3D-ICs). In 

general MOS structure based devices are fabricated on top of a silicon wafer and utilize 

only <1 µm of the top surface for device isolation, junction formation and conduction. This 
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keeps the remainder of the silicon wafer unutilized for active participation in the electronic 

circuitry. The large thickness of the silicon wafer (300-500 µm) is usually kept only for the 

purpose of ease of handling. With such a large percentage of the silicon wafer unused, and 

because the active electronic circuits only occupy a two dimensional surface on top of the 

wafer, it was perceived that the devices layers can in some way be stacked on top of each 

other to form a 3D-IC (Figure 3.1). This would reduce the area footprint of the device, thus 

leading to higher area efficiency. The interconnect lengths between various modules in a 

system can also be reduced by placing these modules in a vertical structure, thus leading 

to reduced time latency and potentially higher clock speeds [70]. Another potential 

advantage that 3D integration has is the possibility of increase in the number of connections 

between the stacked chips. This can significantly increase the band width of the processor-

memory interactions, which is presently limited by the number of pins at the processor 

periphery [71]. Besides this, 3D integration allows for the individual transistor layers to be 

fabricated separately using processes optimized for the particular applications such as 

processor, memory, radio frequency (RF) communication, photonics etc. This 

heterogeneous integration eliminates the need to have a single, sub-optimum fabrication 

process flow for integration these components which might reduce the efficiency and yield 

[72]. However, there are several challenges to this effort. If subsequent transistor layers are 

formed monolithically on top of existing devices, then the thermal budget of transistor 

fabrication in the upper layers will destroy the transistors in the lower layers. Now, if the 

transistor layers are fabricated separately, there remain the issues of releasing them from 

their original substrates, aligning them with the host substrate devices, bonding them to the 

host substrate and forming the vertical interconnects. Further, there are challenges related 
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to heat dissipation and thermal, chemical and mechanical reliability of bonding and 

interconnects. In the next section, we will look into each of these challenges in detail and 

discuss various integration methodologies proposed in literature for 3D integration of 

silicon circuits. 

 

Figure 3.1. Schematic illustration of the concept of 3D integration of silicon chips. 

 

3.3 Literature Review and State-of-the-Art 

With such a long list of potential advantages as briefly described above, there has been a 

tremendous rise in research in technologies enabling 3D integration. Several technologies 

have to be developed up to a certain level of repeatability before they can be used to form 

a complete integration strategy for making 3D ICs. Many of these techniques borrow 

heavily from the knowledge base of semiconductor processing. This is because a basic 

requirement of the developed technologies is that they be compatible with the 
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semiconductor processing industry. These technologies pertain to the thinning of silicon 

wafers, alignment, bonding and interconnect formation, which are essential for multilayer 

stacking of silicon wafers. In case of vertical integration of two silicon wafers, wafer 

thinning may not be needed if the wafers are flipped and are bonded “face-to-face”.  

3.3.1 Thinning silicon wafers 

One of the processes critical for stacking multiple silicon wafers and interconnecting them 

is the thinning of silicon wafers. The thickness of the bottom-most wafer in a 3D integrated 

stack can be left unchanged, however, the subsequent layers have to be thinned down. This 

is mainly done to reduce the vertical interconnect length from one layer to another. This 

improves the interconnect latency and helps ease the fabrication process, because the 

fabrication of a high and thin (high aspect ratio) metal interconnect has several 

complications. For thinning, the silicon wafer is generally attached to a carrier substrate 

such that the top surface (with devices) is facing the carrier and the bottom surface is 

exposed. This surface can then be thinned in several different ways. 

One of the key techniques for thinning silicon wafer is called “back-grinding”. The back-

grinding process is one of the earliest known processes for the production of thin silicon 

wafers [73, 74]. The grinding process is mainly used in wafer manufacturing, after the 

silicon ingots are pulled using the Czochralski process and are cut into slices using wire 

saws. The wafers are then ground using abrasive grinding wheels for flattening and 

removing surface damage due to the wire-sawing. During grinding, the wafer and the 

grinding wheels are rotated simultaneously about their own axes (generally in opposite 

directions) [75]. Grinding wheels are made of abrasive grains (mainly small pieces of 
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synthetic diamond) embedded in a porous bonding matrix [76]. Because the friction 

between the wafers and grind wheels generates a lot of heat, the wafers are continuously 

cooled using sprays of deionized water. One of the major advantages of the mechanical 

back grinding process is that it is very fast, with etch speeds of up to 300 μm per minute, 

leading to high throughputs [77]. Also, the longevity of the grind wheels makes it a 

relatively inexpensive process [78]. On the other hand, the process is highly abrasive and 

imprecise, leading to a high total thickness variation (TTV) across the wafer [79]. Also, 

the process induces high stress on the wafers where the abrasive grains make contact, which 

can cause wafers to break, especially after the wafers have been thinned-down below 200 

μm. These disadvantages are particularly harmful in case of application for 3D ICs, since 

the wafers are then to be transferred to a base silicon substrate. Hence, a variant of this 

process, called the chemical mechanical polishing (CMP) process, which uses both 

mechanical abrasion and chemical etching to remove silicon, is used [80, 81]. The silicon 

wafer is held on a rotating carrier and pressed against a large rotating pad in a lapping 

motion. The process involves the use of a chemically abrasive slurry containing silica 

particles (SiO2) as abrasives in an alkaline solution. The abrasive slurry reaches the silicon 

surface through the porous pad and reacts with silicon to form hydroxylated silicon. This 

surface layer is then easily removed using the mechanical abrasion. An important 

difference between the grinding process and CMP is that during the latter, the mechanical 

abrasive is softer than the silicon surface itself. Hence, the surface is polished instead of 

being roughened. The advantages of CMP over back grinding are that there is much less 

stress and surface damage to the silicon wafer, reducing the risk of breakage. Figure 3.2 

shows a schematic representation of this process. 
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Figure 3.2. Schematic illustration of the process of chemical mechanical polishing (CMP). 

 

Another process for thinning silicon substrates is the “spin-etching” process [82]. This is a 

completely chemical process involving the use of wet chemical etching in removing the 

silicon wafer. One of the most commonly used etchants for this purpose is the mixture of 

nitric acid (HNO3), hydrofluoric acid (HF), and acetic acid (CH3COOH) known as HNA. 

The nitric acid oxidizes silicon to form silicon oxide, which is then dissolved by HF, thus 

leading to the removal of silicon. The reaction can be described using the following 

chemical reaction: 

𝑆𝑖(𝑠)  + 𝐻𝑁𝑂3(𝑎𝑞)
+  6𝐻𝐹(𝑎𝑞) → 𝐻2𝑆𝑖𝐹6(𝑎𝑞)

+ 𝐻𝑁𝑂2(𝑎𝑞)
+ 𝐻2𝑂 + 𝐻2(𝑔) 

 

Acetic acid is generally added to reduce the reaction rate, because it inhibits the 

dissociation and oxidizing ability of HNO3 [82]. The reaction rate and the surface finish 
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can be controlled by varying the concentrations of the three acids and the reaction 

temperature. In general, HNA leads to higher quality, stress-free surfaces with low TTV, 

when the etch rates are low. 

Because all of these processes have their own advantages and disadvantages, a common 

strategy is the use of a combination of these techniques to thin down silicon wafer [83, 84]. 

After devices are fabricated on the top silicon surface, it is generally attached to a carrier 

substrate for protection. The wafer is first subjected to back grinding facilitating quick 

removal of material. Then, the wafer is etched further up to the desired thickness using 

either CMP, spinning etching, or a combination. These processes are not only more 

controllable than back grinding, but they also remove the structural defects on the surface 

of the wafer caused by the abrasive back grinding process. They are used to reduce the 

stress on the wafer, hence they are called stress-release processes. 

3.3.2 Alignment 

One of the key challenges of stacking wafers vertically is the alignment of the top 

chip/wafer to the rest of the stack. This alignment is critical because the metal 

interconnections are fabricated as contact pads at the silicon wafer surface. If these pads 

are of the order of tens or hundreds of microns across, there is sufficient alignment error 

margin, but smaller metal pads (< 1 µm across) that provide more intricate and fine-tuned 

vertical integration, result in alignment accuracy being the key bottleneck. There are 

several forms of alignment errors – translational, rotational, wafer expansion and non-

orthogonality [85], all arising from various sources, which makes the task of perfect 

alignment more challenging. 
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Translational and rotational accuracy depends on the stability of the alignment system, the 

imaging technique used to determine alignment and the experience of the operator. In 

essence, the alignment system images the alignment marks on the substrates, using optical 

or IR imaging, to monitor the accuracy of alignment during the process. Once the wafers 

are in contact a further monitoring and inspection is possible in some cases. The wafers are 

then bonded together and the alignment can be ascertained electronically (by energizing 

certain test contacts) or by observing the wafer cross-sections using SEM imaging. Several 

methods have been introduced for translational and rotational alignment of substrates. In 

case of transparent wafers such as ultra-thin silicon wafers, glass or III-V wafers, an optical 

system can be used to monitor the alignment marks on both substrates through the top 

substrate. In case of non-transparent substrates, a set of holes can be drilled or etched in 

the top substrate, such that the alignment marks on the bottom wafer are visible through 

the top substrate. However, in this case, the accuracy of position and dimensions of the 

etch-holes becomes critical. These holes are particularly difficult to accurately fabricate 

through the entire top substrate. One of the preferred ways to reduce translational and 

rotational alignment error is to use IR transmission microscopy. In this case, infrared (IR) 

light is used to image the silicon wafers during alignment because silicon is transparent to 

IR [86-88]. Silicon wafers can also be aligned with back-side alignment, wherein alignment 

marks are placed on the back surface of one wafer and the top surface of the other. These 

are then aligned using optical microscopes on either side of the alignment apparatus. 

However, the alignment marks on the bottom of the wafer have to be correctly registered 

in order to obtain reasonable alignment accuracy. This problem is resolved using an 

interesting technique called SmartView® alignment method [89-92]. In this method, the 
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bottom and top wafers are imaged in turn by lens on either side of the tool. The wafers are 

then aligned using these images and the stored positions of the wafers when the images 

were taken. Another interesting method for alignment of thinned down silicon chips to 

wafers is the use of fluids for self-alignment. In this method, the silicon chips are dropped 

on a wafer consisting of fluid droplets on hydrophilic regions surrounded by hydrophobic 

regions. The chip surfaces are also made to be hydrophilic, so that they are attracted 

towards the fluid droplets due to surface tension and are aligned automatically. Alignment 

accuracy of 50 nm has been reported using this method [93, 94].  

Expansion errors occur due to variation in temperature of the substrates being aligned. This 

is a serious concern because even a slight difference in substrate temperature can cause 

alignment errors. Hence, the temperature of the alignment tool and the two substrates has 

to be controlled to within ±0.1 °C [85, 95].  The expansion errors get exacerbated in case 

of high temperature bonding of the substrates. Again, it is critical to maintain the same 

temperature in all parts of the tool in order to avoid thermal stresses. Further, in case of 

heterogeneous substrates, a mismatch in coefficient of thermal expansion (CTE) of the 

substrates can result in expansion alignment errors, even with good temperature control. 

3.3.3 Bonding 

Bonding is the process used to permanently attach two substrates together for further 

processing. Several approaches have been developed for bonding in 3D integration of 

silicon CMOS. Oxide-oxide fusion is one of the common methods used in bonding two 

substrates together [96-98]. In this process, highly polished silicon oxide surfaces on both 

the wafers are brought together and pressurized at room temperature (low temperatures < 
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200 °C). This causes the silicon oxide on both ends to “fuse” together to form a uniform 

layer, thus bonding the two substrates in the process. The wafers can then be annealed at a 

low temperature (~400 °C) to reduce the defects at the interface. While this process can be 

done at low temperature and is compatible with CMOS process technology, one of the 

main challenges is that the silicon oxide layer has to be completely flat and defect-free for 

the bonding to be effective. Hence, a chemical mechanical polishing (CMP) step and 

several cleaning steps are applied before the wafers are bonded. Because of the stringent 

requirement on surface flatness and cleanliness, some studies have reported the use of 

metallic bonding [99-102]. In this process, metallic pads are brought together and bonded 

using either temperature or pressure or both. This bonding process places much less 

stringent requirements on the surface roughness and cleanliness, and the bonding 

temperature can be as low as 300 °C for Sn alloy based microbumps [103-105]. However, 

the pattern density of the metal pads has to be high enough to provide for high bond strength 

and mechanical stability during subsequent processing steps. Also, these eutectic metals 

readily liquefy at low temperatures, thus putting an upper limit at temperature of the 

subsequent processing steps. Lastly, adhesive bonding or polymer bonding has been 

reported in many studies [86, 106, 107]. This process places the least stringent 

requirements on the surface quality of the substrates to be bonded. An adhesive or polymer 

can be spin-coated on one of the substrate while the other is brought in contact with it using 

an alignment tool. The two substrates are then bonded by curing the polymer/adhesive. The 

critical disadvantage of this process is that it introduces a polymer in the device and all 

subsequent processing has to be done below the glass transition temperature of the 

polymer. Further, this also places a constraint on the chemical reagents that can be used in 
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subsequent processing. For instance, piranha solution (H2SO4:H2O2:H2O at 120 °C) and 

nitric acid (HNO3) are common cleaning reagents used in the CMOS industry, however, 

they are strong oxidizers and react with most polymers. Hence, they cannot be used for 

cleaning after polymer bonding has been performed. 

3.3.4 Vertical Interconnects 

Fabrication of vertical interconnects connecting the various circuits together in a 3D 

integrated structure entails the formation of high aspect ratio metallic pillars called “vias”. 

Aspect ratio is the ratio of the diameter of a via to its height. Because most of the silicon 

thinning processes discussed before yield at best around 30-40 µm thickness, the height of 

the vias needs to be at least this. The diameter ideally should be as small as possible to 

afford more density of vertical interconnection. However, extremely small diameter with 

such a large height cannot be achieved in a reliable manner. These vias are called through 

silicon vias (TSVs) because they go all the way through the silicon substrate and provide 

connections to the other layers. There are a large number of research papers focusing on 

formation of high quality, high aspect ratio TSVs [108-112]. Most of these use deep 

reactive ion etching (DRIE) to obtain the trench to make the metal pillar, followed by the 

deposition of a liner (commonly used are TiW, TaN, TiN, Ti, W or dielectrics [113-115]) 

to avoid copper diffusion into silicon, because copper atoms form trap states in the silicon 

lattice and can kill MOSFET devices. This is then followed by growth of copper in the vias 

using electrochemical deposition. Finally, the surface is flattened using CMP to obtain a 

polished top surface with copper pads. There are subtle variations in this process 

particularly in the small details of the recipes used for different steps, the speed of etching 
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or deposition and the metal liner used. These variations are critical in improving the 

structure of the vias and can enhance their aspect ratio significantly, if correctly optimized. 

3.3.5 Examples of 3D Integration Strategies 

With several techniques being studied to perform all of the steps for 3D integration, it 

naturally follows that some unique integration strategies have been developed and reported. 

These strategies utilize one or the other of the techniques for aligning, bonding and TSV 

formation depending on the die size, alignment accuracy required, throughput and other 

application specific constraints. We will briefly discuss two of the 3D integration strategies 

that have been developed and reported to date. 

1. A process initially proposed by MIT involves the use of silicon-on-insulator (SOI) 

substrates and Cu-Cu bonding [72, 116, 117]. The method is schematically 

illustrated in Figure 3.3. An SOI wafer is subjected to standard CMOS processing 

and Cu interconnect pads are made at the top surface. The wafer is then bonded to 

a handle substrate from the top side, and the bottom side is thinned down up to the 

buried oxide (BOX) layer. The BOX is then patterned and filled with metal vias. 

This wafer is then bonded to another SOI wafer using Cu-Cu metallic bonding. The 

top handle substrate is released and the process can be repeated. 
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Figure 3.3. Process flow schematic for the MIT 3D integration scheme. 

 

2. Tezzaron’s wafer stacking process involves the fabrication of vias first, followed 

by thinning and wafer bonding [118, 119]. The process starts with fabrication of 

MOSFETs on a bulk silicon wafer. A tungsten via, called “super-contact”, is then 

made using DRIE, metal filling and planarization. The process of the remaining 

metallization layers is carried out normally wafer that, terminating in copper pads 

at the wafer surface. The wafer is then bonded to a second silicon wafer, in a “face-

to-face” configuration, using Cu-Cu bonding at 400 °C. The top wafer is thinned 

down using a combination of CMP, and chemical etching up to the level of the 
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tungsten contact. Subsequent processing allows for copper pads formation and the 

process can be repeated. Finally, the assembly is inverted and the first wafer is 

thinned down to make contact pads for packaging. Figure 3.4 shows the schematic 

of the final device after three different wafers are stacked. 

 

Figure 3.4. Cross-section illustration of three wafers stacked and connected using Tezzaron’s 3D 

integration strategy. 

 

3.4 The “Trench-Protect-Etch-Release” (TPER) Process 

3.4.1 Introduction 

The fabrication of multilayer 3D integrated ICs requires the thinning of silicon so as to 

reduce interconnect delay and power consumption by reducing the via height and to 

increase manufacturability by reducing the via aspect ratio requirement. To this end, we 

have developed a process for releasing the top silicon layer after device fabrication [120-

122]. This process, called the “trench-protect-etch-release” (TPER) method, is 
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schematically represented in Figure 3.5. It involves the creation of deep silicon trenches in 

the bulk silicon wafer after the fabrication of circuits using deep reactive-ion etching 

(DRIE). The devices are protected from the DRIE process using a combination of a soft 

mask and a silicon oxide hard mask. The 300 nm SiO2 hard mask is deposited using 

PECVD at 300 °C with SiH4/N2O plasma (Oxford PlasmaLab 100). The photoresist AZ 

ECI 3027 soft mask is then spin-coated at 1750 r.p.m. for 30 seconds and baked at 100 °C. 

The photoresist is then exposed with the mask of the trenches at 200 mJ/cm2 (EVG 6200∞) 

and developed using AZ 726 MIF for 1 minute. The photoresist is removed using sonicated 

baths of acetone and iso-propanol (IPA) and the SiO2 hard mask is pattered with RIE using 

C4F8/O2 plasma at 10 °C for 90 seconds (Oxford PlasmaLab 100). The wafers are then 

subjected to DRIE at -20 °C with alternate cycles of SF6/O2 and C4F8/O2 plasma (Oxford 

PlasmaLab 100). The wafers are then subjected to plasma assisted atomic layer deposition 

(ALD) of the aluminum oxide with TMA as aluminum precursor and O2 plasma as oxygen 

precursor, at 300 °C for 500 cycles (Oxford FlexAL). Because ALD is extremely 

conformal, aluminum oxide gets deposited on the walls of the trenches, the surface of the 

wafer, and the bottom surface of the trenches. Aluminum oxide is then etched using 

reactive ion etching (RIE), which, because it is anisotropic, only etches the alumina layer 

from the horizontal surfaces (bottom of the trench and top of the wafer), creating a 

protective “spacer” on the vertical surfaces (side walls of the trench). The RIE is done at 

10 °C with CHF3/Ar plasma for 80 seconds (Oxford PlasmaLab 100). The wafer is then 

subjected to gas-phase etching of silicon using XeF2 (Xactix X4, 4 Torr, room temperature, 

120 cycles), which reacts with solid silicon to produce all gaseous products: 

𝑆𝑖(𝑠) + 2𝑋𝑒𝐹2(𝑔)
→ 𝑆𝑖𝐹4(𝑔)

+ 2𝑋𝑒(𝑔) 
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Because the only silicon surface exposed is the bottom of the trench and since XeF2 etches 

silicon isotropically, the depleted silicon grows spherically outwards. When these spheres 

meet, the top silicon layer is released from the substrate. This process has been used to 

successfully release thinned silicon with a variety of electronic devices such as MOSFETs 

[123], MOS capacitors [124-127], metal-insulator-metal (MIM) capacitors [128], 

thermoelectric generators (TEGs) [129], memory cells [130-134], batteries [5], and 

microelectromechanical switches [135]. 

 

Figure 3.5. Schematic process flow for thinning silicon substrates from the “top-down” using the 

TPER process. 

 

There are several advantages to this process. The process after the device fabrication takes 

place at low temperatures, thus the circuit components do not undergo a high thermal 

budget at any point. In addition, this process provides a high degree of control over the 

thickness of the final flexible silicon, which is determined by the depth of the trenches, 

which can easily be controlled by adjusting the number of cycles in the DRIE process. 

Furthermore, the original bulk wafer that remains after releasing the top silicon layer can 
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be polished using chemical mechanical polishing (CMP) and reused [136]. Because the 

bulk silicon (100) wafers are low cost in themselves, this reuse of wafers further reduces 

the cost of the flexible circuits significantly. This process involves the use of materials and 

processes that are compatible with the state-of-the-art CMOS fabrication facility. Hence, 

this process can be employed for obtaining thinned versions of currently available 

microprocessors using the same fabrication facility with minor upgrades. 

3.4.2 Analysis 

For controlled thinning of silicon for application in 3D integration, it is essential to analyze 

the TPER process and obtain a mathematical model for the reaction. The TPER process 

generally entails the use of a specific reagent for the final release process which etches the 

substrate isotropically (i.e. independent of crystallographic planes), while being selective 

to the side-wall passivation layer and the top passivation layer. Further, the etch conditions 

should be compatible with the pre-fabricated electronic circuits in terms of chemical, 

mechanical and thermal considerations. In general, the reaction should form all gaseous or 

liquid-phase products so that the reaction does not become mass transport limited. 

Considering these constraints, Xenon difluoride (XeF2) is an ideal etchant for silicon 

substrate, since it etches the substrate isotropically, at ambient pressure and at room 

temperature. XeF2 is a light-sensitive, covalent compound which dissociates when it comes 

in contact with water vapor. The reaction with silicon proceeds through adsorption of the 

gas-phase reactant, followed by the dissociation of XeF2 molecule. The fluorine atoms then 

react with the silicon atoms to produce an adsorbed reaction product (SiF4), which desorbs 

along with the non-reactive Xe atom to complete the reaction. The reaction produces all 

gas-phase products that can be pumped out of the reaction chamber. Because the reactant 
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XeF2 and the reaction products are gaseous, the reaction forms a “bubble” of etched silicon 

around the trenches. The shape of this bubble depends on the structure of the etched 

trenches and the spacing between them. Some of these configurations are shown in Figure 

3.6. 

 

Figure 3.6. Trench designs for release of silicon top layer using TPER process. 
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Figure 3.7. Schematic illustration of the etch hole created by XeF2 in silicon lattice. 

 

 

Figure 3.8. Cross-section schematic of the etch hole created by XeF2 in silicon during TPER 

process. 

 

We analyzed the etching of the silicon substrate using XeF2 for these configurations of 

trenches. In case of T1, the XeF2 etch bubble consists of a semi-toroidal structure attached 

to a cylindrical structure as shown in Figure 3.7. The reaction is completely isotropic, hence 
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it proceeds in all directions at the same rate. Thus, the depth to which the cylinder below 

the trench is etched is the same as the inner radius of the semi-toroid, say x (Figure 3.8). If 

the diameter of the trench is a, the volume of the etched material at any time can be given 

by the sum of the volumes of the cylinder and semi-toroid as: 

𝑉𝑇1 =
𝜋𝑎𝑥

4
(2𝜋𝑥 + 𝑎) 

As the etch goes on, the value of x increases. When the etch bubbles from the adjacent 

trenches meet, the release of the silicon top layer is completed. We consider the distance 

between adjacent trenches to be d. Hence, from Figure 3.6, the value of x for a just 

completed etch can be obtained as: 

𝑋𝑇1 =
√2(𝑑 + 𝑎) − 𝑎

2
 

Hence, the volume per trench needed to be etched for a just completed silicon release is 

given by: 

𝑉𝑇1 = (
1

8
) (𝜋𝑎[√2(𝑑 + 𝑎) − 𝑎])(𝜋[√2(𝑑 + 𝑎) − 𝑎] + 𝑎) 

This equation is completely dependent on the trench geometry and describes the volume 

of silicon to be etch for a just completed release. Let us consider a standard, room-

temperature XeF2 etcher, with an expansion chamber of volume Vch and expansion pressure 

of Pch. Such a cyclic etcher introduces the expanded XeF2 gas into the etch chamber, allows 

some time for the reaction to complete, and then pumps down the chamber to remove the 

gas phase reactants before the next cycle of etch. Hence, in each cycle, the number of XeF2 
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moles introduced in the chamber can be obtained from the ideal gas equation. From the 

chemical reaction governing the process, these XeF2 atoms consume silicon atoms in the 

ratio of 2:1. Hence, the silicon moles consumed per cycle are: 

𝑀𝑆𝑖 = (
1

2
)

𝑃𝑐ℎ𝑉𝑐ℎ

𝑅𝑇
 

These can be converted into loss of volume of silicon as: 

𝑉𝑆𝑖 =
𝑀𝑆𝑖𝑊

𝜌
 

where W is the atomic weight of silicon and ρ is the density of silicon. This is the total 

silicon etched in a cycle. Hence, for n cycles, the total silicon volume consumed is: 

𝑉𝑆𝑖 = (
1

2
) (

𝑛𝑃𝑐ℎ𝑉𝑐ℎ𝑊

𝜌𝑅𝑇
)   

If the total number of trenches on the silicon area to be released are NT1, the total volume 

to be etched can be equated to the volume etched for n cycles. Thus, 

𝑁𝑇1𝑉𝑇1 =  (
1

2
) (

𝑛𝑃𝑐ℎ𝑉𝑐ℎ𝑊

𝜌𝑅𝑇
) 

where 𝑁𝑇1 = 𝐴/(𝑑 + 𝑎)2, A is the total silicon area to be released. Thus, 

𝐴(𝜋𝑎[√2(𝑑 + 𝑎) − 𝑎])(𝜋[√2(𝑑 + 𝑎) − 𝑎] + 𝑎)

8(𝑑 + 𝑎)2
=  (

1

2
) (

𝑛𝑇1𝑃𝑐ℎ𝑉𝑐ℎ𝑊

𝜌𝑅𝑇
) 

Solving for the number of etch cycles, we obtain: 
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𝑛𝑇1 = (
𝜌𝑅

𝑊
) (

𝑇

𝑃𝑐ℎ𝑉𝑐ℎ
) [ 

𝐴(𝜋𝑎[√2(𝑑 + 𝑎) − 𝑎])(𝜋[√2(𝑑 + 𝑎) − 𝑎] + 𝑎)

4(𝑑 + 𝑎)2
] 

From this equation, the number of cycles needed for releasing the top surface of a silicon 

piece can be obtained. The first term in the equation is a universal constant for silicon, the 

second term depends on the geometry of the XeF2 etcher tool, while the last term depends 

on the geometry of the silicon sample. During the cyclic etching process, the reaction may 

not complete due to the limited time provided for the reaction. Hence, not all of the moles 

of XeF2 may be consumed during a particular cycle. This can be mathematically 

represented by an “efficiency of the reaction” term, η. This number, between 0 and 1, 

represents the percentage of XeF2 used during a reaction. Indeed, a high value would be 

desirable to reduce the number of etch cycles. Hence, the final expression for the number 

of cycles can be written as: 

𝑛𝑇1 = (
1

𝜂
) (

𝜌𝑅

𝑊
) (

𝑇

𝑃𝑐ℎ𝑉𝑐ℎ
) [ 

𝐴(𝜋𝑎[√2(𝑑 + 𝑎) − 𝑎])(𝜋[√2(𝑑 + 𝑎) − 𝑎] + 𝑎)

4(𝑑 + 𝑎)2
] 

This equation can be greatly simplified if the geometry of the trenches is regular. Thus, if 

𝑑 = 𝑎, the expression can be written as: 

𝑛𝑇1 = (
1

𝜂
) (

𝜌𝑅

𝑊
) (

𝑇

𝑃𝑐ℎ𝑉𝑐ℎ
) (2.42𝐴𝑎) 

In case of T2, the XeF2 etch bubble is a cuboid connected by four semi-cylinders on the 

four sides and four spherical surfaces on the edges. Thus, the volume of the etched bubble 

can be calculated as: 
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𝑉𝑇2 = (𝑎2𝑥 + 2𝜋𝑎𝑥2 +
4𝜋𝑥3

3
) 

The value of X for a just completed release in this case is 𝑑/√2. Also, the number of 

trenches per unit area is the same as T1 because the unit cell is still a square with sides 

(d+a). Thus, the number of cycles of XeF2 required for a compete release of area A is given 

by: 

𝑛𝑇2 = (
1

𝜂
) (

𝜌𝑅

𝑊
) (

𝑇

𝑃𝑐ℎ𝑉𝑐ℎ
) (

𝐴

(𝑑 + 𝑎)2
) (

𝑎2𝑑

√2
+ 𝜋𝑎𝑑2 +

√2𝜋𝑑3

3
) 

For a=d, 

𝑛𝑇2 = (
1

𝜂
) (

𝜌𝑅

𝑊
) (

𝑇

𝑃𝑐ℎ𝑉𝑐ℎ
) (1.33𝐴𝑎) 

In case of T3, the calculation of the volume of etch bubble involves thirteen different 

regions, one hexagonal prism connected by six semi-cylinders on the sides and six 

spherical regions on the edges. The volume of the etched bubble per trench is expressed 

as: 

𝑉𝑇3 = (
3√3𝑎2𝑥

8
+

3𝜋𝑎𝑥2

2
+

4𝜋𝑥3

3
) 

For the etch to be just complete, the etch bubble needs to reach a point in the middle of 

three adjacent hexagons (as shown in Figure 3.6). This point is the center of the equilateral 

triangle formed by connected the three nearest vertices of the hexagons and the value of X 

in this case is 𝑑/√3. Also, the number of trenches per unit area in this case is different 

since the shape of the unit cell is no longer square. The unit cell is itself a regular hexagon 
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with diameter, (𝑎 + 2𝑑/√3). Hence, the number of trenches for a given area A can be 

calculated as: 

𝑁𝑇3 =
8𝐴

√3(√3𝑎 + 2𝑑)
2 

Hence, as in the previous equations, the number of cycles for full release is given by: 

𝑛𝑇3 = (
1

𝜂
) (

𝜌𝑅

𝑊
) (

𝑇

𝑃𝑐ℎ𝑉𝑐ℎ
) (

8𝐴

√3(√3𝑎 + 2𝑑)
2) (

3𝑎2𝑑

8
+

𝜋𝑎𝑑2

2
+

4𝜋𝑑3

9√3
) 

For a=d, 

𝑛𝑇3 = (
1

𝜂
) (

𝜌𝑅

𝑊
) (

𝑇

𝑃𝑐ℎ𝑉𝑐ℎ
) (0.91𝐴𝑎) 

If we compare the numerical constants for all the three cases, we may conclude that T3 is 

the most efficient way to place the trenches. This is because the etch cycles required for 

release in this case are much lower than T2, which in turn are significantly lower than T1. 

However, because the trench shapes and configurations are different, it is worth noting that 

the area consumed by these trenches on the silicon surface is different. This area is not 

useable for fabrication of electronic circuits, thus can be regarded as a price to be paid for 

making the silicon flexible. Hence, it is desirable to reduce the area required for making 

the trenches. We introduce a term called “area efficiency” of the trench design, which is a 

ratio of the area usable for fabrication of electronic circuits to the total silicon area. The 

area efficiency can be calculated for a unit cell by considering the area of one trench and 
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the area of the unit cell. We report the area efficiency of the three designs under 

consideration as follows: 

𝜔𝑇1 = 1 −
𝜋𝑎2

4(𝑑 + 𝑎)2
 

𝜔𝑇2 = 1 −
𝑎2

(𝑑 + 𝑎)2
 

𝜔𝑇3 = 1 −
3𝑎2

(2𝑑 + √3𝑎)
2 

In the simple case of a=d, the area efficiencies for T1, T2 and T3 are calculated to be 0.804, 

0.75 and 0.785 respectively. Thus, T1 is the most area efficient design, however takes the 

most time to release using the TPER process. On the other hand, T2 is the most area 

inefficient and does not even provide the best release. The best release time is provided by 

the honeycomb-inspired hexagonal trench design (T3), while the area efficiency is only 

slightly lower as compared to T1. Figure 3.9 illustrates the relationship between the designs 

and their area efficiencies. Further modifications of the designs can be done on the basis of 

unequal a and d values, by optimizing these values for either higher area efficiency or better 

release time as required by the application. 
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Figure 3.9. Relative release time versus the area efficiency for the different trench designs in the 

TPER process. 

 

With this analysis, we can quantify the thickness of the released silicon piece and hence 

estimate the height of the through silicon via needed for making interlayer contacts. Also, 

the analysis gives an estimate of the time required for releasing top silicon layers from one 

silicon wafer, thus giving an idea of the throughput of the process. We finally developed 

our in-house 3D integration strategy using the released silicon from the TPER process. 

 

3.5 Our 3D Integration Strategy 

3.5.1 Introduction 

Before developing an integration strategy for fabricating 3D integrated devices, it is 

essential to envisage applications where these devices may be used. This puts some 

application specific constraints on the integration strategy, thus limiting the use of certain 

processes and necessitating development of completely new processes for certain steps. In 
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case of the in-house strategy developed at KAUST, the aim was to obtain flexible 3D 

integrated circuits. This is because we envisage that of trillions of sensors will be deployed 

in the near future to realize ubiquitous computing, i.e., Internet of Everything (IoE). Many 

of them will be wearable and implantable sensors for personal healthcare and diagnostics. 

These sensors can be skin contact based, for temperature, heart rate, or blood-pressure 

monitoring [137-139], or implanted for in vivo monitoring [140-143]. In most cases, these 

are specialized electrodes in contact with the area of interest. These electrodes then relate 

the information or analog electrical signal to a circuit to process, store, and display the 

particular body metric.  

Implementation of these systems entails development of a low-cost sensor electrode array 

which is physically flexible to conform to various body organs. Further, the electrode array 

needs to have chemical, mechanical, and thermal stability. Additionally, in case of 

implantable systems, the electrode array has to be non-corrosive and biocompatible. 

Finally, they have to be integrated in an efficient manner with the interface circuitry. As an 

example, in intracranial space, we have only 64 cm2 surface area for implantable brain 

machine interface (BMI) electrodes to monitor neurological activities (electro-

corticography or ECoG). With in-plane status quo integration strategy we waste valuable 

surface area. Thus, an out-of-plane, 3D integrated system can provide the maximum area 

efficiency by having the sensors in touch with the soft tissues of the brain. This area 

efficiency can then translate into the ability to have higher concentration of sensor 

electrodes, thus providing higher spatial resolution and leading to higher accuracy in 

classification of signals from particular brain activities [144, 145]. One of the challenges 

with high spatial resolution electrode arrays is the pin out and wiring associated with the 
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individual sensor electrodes. Because ECoG affords spatial resolution of up to 0.5 mm 

[146], a 1 cm2 array can contain 400 (= 20 × 20) electrodes. Each electrode has a readout 

wire usually fabricated in the plane of the sensors. Such a high number of electrodes and 

the corresponding in-plane wires take up a large amount of space and can introduce large 

parasitic effects in the signal. Hence, we aimed to develop a 3D integration strategy such 

that the sensor electrode wiring and other circuit elements in these bio medical sensor 

arrays can be fabricated and integrated vertically. One of the first steps in this process is to 

fabricate a sensor electrode array embedded in polymer that can then be vertically 

integrated with control electronics. Hence, we developed a process flow for fabricating 

through polymer vias (TPVs) to connect the sensor electrodes to the electronic circuit on 

the other side (through the polymer). 

3.5.2 Through polymer vias (TPVs) 

We fabricated the electrode array embedded in polymer such that the connections to 

individual sensors were fabricated vertically out-of-plane. These connections were grown 

on top of the sensor electrodes and through the polymer support such that the readout circuit 

can be fabricated on the flip side of the patch using a monolithic integration process (Figure 

3.10). Such through polymer vias (TPVs) can be used to fabricate thin film readout circuits 

monolithically integrated on the top surface of the polymer in a 3D architecture (Figure 

3.11). This can reduce the area consumed by the in-plane readout wiring as well as 

significantly reduce the parasitic impedance of the input. Further, it can open up 

opportunities for 3D integration of heterogeneous substrates with different specialized 

circuits stacked and connected vertically. 



102 

 

 

Figure 3.10. Schematic of a flexible patch device with electronics on one side and sensor array on 

another. 

 

 

Figure 3.11. Cross-section of a device with sensor electrode at the bottom connect to the top using 

a through polymer via (TPV). 

 

The device was fabricated using an oxidized silicon substrate with 300 nm field oxide 

grown using a dry-wet-dry oxidation cycle. A 1 μm sacrificial layer of amorphous silicon 
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was deposited using PECVD using silane (SiH4) and argon plasma at 250 °C for 25 minutes 

(Oxford PlasmaLab 100). The wafer was then spin-coated with AZ ECI 3027 (1750 r.p.m., 

bake 100 °C for 1 minute). The photoresist was exposed at 200 mJ/cm2 (EVG 6200∞) and 

developed using AZ 726 MIF bath for 1 minute. The sensor electrode base was made using 

gold so as to avoid chemical corrosion in case of implantable systems. The 150 nm gold 

electrode was deposited using argon plasma sputtering (25 sccm, 5 mTorr, 200 seconds) at 

room temperature (ESC Metal Sputter System); followed by lift-off in sonicated acetone 

bath for 10 minutes. It is to be noted that no adhesion metal layer was used for this 

deposition and the lift-off was done using gentle sonication in an acetone bath. A layer of 

polyimide (PI2611, HD Microsystems) was spin-coated at 4000 r.p.m. for 60 seconds. The 

PI was cured using gradual temperature increments: 90 °C for 30 seconds, 150 °C for 30 

seconds, 4 °C min−1 ramp up to 350 °C, and 350 °C for 30 minutes. The polyimide was 

used for fabricating the device because it has high chemical, thermal, and mechanical 

stability. While other spin-on polymers can be used, polyimide was chosen for its stability 

at high temperatures up to 350 °C and for a low coefficient of thermal expansion (CTE) as 

compared to other polymers such as poly-dimethylsiloxane (PDMS) and EcoFlex. A hard 

mask of titanium was deposited using argon plasma (25 sccm, 5 mTorr) sputtering at room 

temperature and patterned using lift-off in sonicated acetone bath for ten minutes. The 

polymer was then etched using O2 plasma (50 sccm, 80 mTorr) RIE for 16 minutes at 60 

°C (Oxford PlasmaLab 100). A copper seed layer of chromium/gold (10/150 nm) was 

deposited using argon plasma (25 sccm, 5 mTorr) sputtering at room temperature (ESC 

Metal Sputtering System). The chromium layer was used as an adhesion layer for the gold, 

which was the seed layer for copper. The chromium layer made electrical contact with the 
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top surface of the underlying gold sensor through direct deposition, because gold does not 

have a native oxide layer as a barrier to electron conduction. Further, the polyimide etch 

dimensions were smaller than the gold electrode such that the chromium is not exposed to 

the surface to be sensed. A soft mask of AZ ECI 3027 photoresist was spun (1750 r.p.m., 

30 seconds), exposed (200 mJ cm−2), and developed (AZ 726 MIF, 60 seconds) to direct 

the growth of copper, which was grown electrochemically in a cupric sulfate (CuSO4) bath 

using 80 mA current for 30 minutes (SEMCOM 1500). Such a slow growth rate allowed a 

uniform film of copper to be deposited. The uniformity of copper growth was further 

improved by employing a periodic reverse (PR) plating process, wherein high energy 

reverse current pulses are applied intermittently after the forward current for a certain time 

period [147]. After the plating process, the soft mask was removed using acetone bath and 

the seed layer was etched using argon plasma (30 sccm) RIE for 3 minutes at 10 °C (Oxford 

PlasmaLab 100). The devices were then released by etching the amorphous silicon 

sacrificial layer using XeF2 gas (Xactix X4, 4 Torr, 30 second, 120 cycles). Figure 3.12 

shows the schematic illustration of the fabrication process flow. Subsequent processing can 

be easily done before the XeF2 release step to incorporate a thin film based preamplifier, 

readout and communication circuit to transmit data wirelessly so as to eliminate the need 

of wires. 
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Figure 3.12. Schematic illustration of the process flow for fabricating sensor arrays with TPVs. 

 

The devices thus fabricated were fully flexible and could be easily handled without the use 

of sophisticated equipment Figure 3.13. We fabricated devices with 4 μm thick polyimide 

layer and 220 μm × 220 μm sensor pads and top electrodes. The TPVs were designed to be 

200 μm × 200 μm squares such that there is 10% margin of error for alignment. The aspect 

ratio of the TPVs was kept low so that the electrochemical deposition (ECD) can take place 

without creation of voids. The copper TPV size can be reduced to increase flexibility, 

however, the ECD filling may be compromised. Indeed, the TPV size can be scaled 

proportionally if the sensor pads, top electrodes, and polyimide thickness are scaled for a 

particular application. Figure 3.14 shows the device wrapped around an oxidized silicon 

wafer, thus having a bending radius of 250 μm. The limitation on bending radius is from 

the rigid copper TPVs, hence a scaling of TPVs can provide further reduction in the 
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minimum bending radius. The top surface of the device has copper contacts to the 

individual sensor electrodes, while the bottom surface has a seamless gold, polyimide 

lateral interface. This is possible because of the fabrication process, which allows the 

polymer to flow around the gold electrodes and conform to the underlying flat amorphous 

silicon surface before being cured. This creates a smooth surface under the polyimide and 

the gold electrodes are held in the polyimide matrix such that the device can conformally 

attach to the surface to be sensed. 

 

Figure 3.13. The released sensor and TPV array is fully flexible and can be handled easily. Scale 

bar is 1 cm. 
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Figure 3.14. The device wrapped around the edge of an oxidized silicon wafer shows a bending 

radius of 250 µm. Scale bar is 1 mm. 

 

For the complete electrical characterization of the devices, it was important to measure the 

contact resistance with the small signal generator at the sensor pad interface, the frequency 

response for the overall spectrum of biomedical signals, and the propagation of small 

signals from the sensor pads to the top electrodes through the TPVs. For characterizing the 

resistance offered across the copper TPVs, the devices were placed on an aluminum plate 

and the impedance from the plate through to the top of the copper TPVs was measured for 

all the electrodes in the array using Agilent E4980A Precision LCR meter. The impedance 

map for a 10 × 10 array of 200 μm square copper TPVs is as shown in Figure 3.15. The 

median impedance recorded was 5.92 Ω with the minimum value being 2.13 Ω. The 

impedance variation histogram is shown in Figure 3.16. This variation can be attributed to 

the varying contact resistance between the sensor pads and the bottom metal. 
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Figure 3.15. Measured impedance map of the TPV, from the bottom aluminum plate to the top 

metal pads. 

 

 

Figure 3.16. Histogram of the impedance response of individual TPVs. 

 

The frequency response of the impedance of a TPV is as shown in Figure 3.17. It can be 

seen that the impedance stays relatively constant for the frequencies of interest for most of 

the sensor applications. For instance, brain signals in case of ECoG applications are in the 
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range of 0.1–100 Hz [148-150], while heart rate and respiratory signals can be completely 

described with a sampling frequency of up to 2 kHz [151, 152]. Hence, for biomedical 

sensor applications, the TPVs provide a stable and mostly resistive (phase ≈ 0°) impedance. 

Furthermore, the impedance value is sufficiently low to obtain low signal attenuation at the 

electrode–readout interface. To confirm the stable performance of the TPVs and sensor 

pads in implanted condition, the device was tested while submerged in a normal saline 

(0.9% w/v) solution to mimic the bio-fluidic environment (Figure 3.17). The frequency 

response obtained confirmed the electrical stability of the devices in saline solution. It was 

observed that the impedance variation increased marginally from 20.5 ± 0.3 Ω in air to 22 

± 2 Ω in saline solution at low frequencies. Also, it was observed that while the impedance 

in air remains constant up to a frequency of 100 kHz, the impedance in saline solution 

decreased slightly from 22 ± 2 Ω at DC to 21 ± 2 Ω at 100 kHz. 
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Figure 3.17. Frequency response of the TPVs in air and in saline solution. Scale bars in the insets 

are 1 mm. 

 

The individual TPVs embedded in the polyimide structure form a vertical parallel plate 

capacitor, giving rise to parasitic capacitance and potential cross-talk between the 

electrodes. The capacitance between the two adjacent TPVs was calculated to be 68.44 aF, 
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based on the geometry of the structure and the simple parallel plate capacitance equation: 

𝐶 =  휀0𝜅𝐴/𝑑, where ε0 is the permittivity of air, k (=2.9) is the dielectric constant of 

polyimide, A is the area of vertical cross section, and d is the distance between adjacent 

TPVs. Because the total parasitic capacitance introduced per electrode is the sum of the 

capacitances from all the four sides, the total capacitance seen by one TPV is 273.7 aF. 

This capacitance is sufficiently low such that there is no detectable cross-talk between the 

neighboring TPVs. The impedance due to this capacitance only becomes significant at high 

frequencies (>100 kHz) as seen from the impedance responses. To observe the small signal 

response of the fabricated electrode array, it was placed on an oxidized silicon wafer 

surface with patterned gold structures (Figure 3.18). A small DC signal (1 V and 10 mV) 

was then applied to the patterned gold structure at the bottom and the voltage was read 

from the top copper contact of the device. The device was seen to reproduce the structure 

below with high accuracy in the voltage readout map (Figure 3.18). The average voltage 

readout for the points at high potential was 0.96 ± 0.07 V for Vin = 1 V and 8 ± 1 mV for 

Vin = 10 mV. The percentage non-uniformity (σ/μ) for the data points at the same potential 

was observed to be 7.5% for Vin = 1 V and 11.5% for Vin = 10 mV. Hence, the device can 

be used to obtain small signals with high fidelity and spatial resolution. 



112 

 

 

Figure 3.18. Small DC signals are applied to the bottom gold structure and read out through the top 

TPV contact. Scale bars 1cm for the left image and 1 mm for the right image. 

 

The fabricated TPVs provide an area-efficient way of connecting individual sensor pads to 

the readout circuitry at the top. The small length of these interconnects reduces the 

resistance offered to the signal thus reducing signal attenuation. Further, their small size 

leads to lower parasitic capacitance thus reducing cross-talk between individual signals and 

improving the frequency response. These TPVs are the first step toward a fully 3D 

integrated sensor readout system with wireless data transmission capability. 

3.5.3 Bonding 

With the fabrication of thinned silicon samples (using TPER process) and thin polymer 

samples with embedded copper interconnects (using polyimide TPV process) completed, 

we focused on the bonding process. The bonding process had to bond the different levels 
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of thinned silicon together while allowing for interlayer vertical interconnections to be 

made. Further, because our integration strategy was aimed at making a 3D structure and 

then releasing it, we needed a sacrificial layer before the process of stacking, bonding and 

interconnecting the samples began. The key challenge with the sacrificial layer was that it 

had to be easily etched with a reagent that would not attack anything else on the stack. One 

of the first materials we considered for the sacrificial layer was a layer of amorphous 

silicon, because this had worked well as a sacrificial layer for the polyimide TPV process. 

However, since the stack would now have silicon wafer pieces (released using the TPER), 

the XeF2 based release process could not be used. Although these silicon samples would 

covered with SiO2 and Al2O3 protective layers, a puncture or defect at any point in these 

layers would result in destruction of the silicon sample during release. Further, because the 

integrated pieces would be at least 1×1 cm2 in size (with no possibility of etch holes), the 

release etch had to be fast and selective. 

Acetone is a reagent that is inert to most of the materials used in CMOS fabrication. It 

etches photoresist thin films at a fast rate [153]. Hence, it would be ideal to use acetone as 

a release agent for the vertically integrated stack. This posed to important challenges: 

1. The sacrificial material had to be such that it is etched in acetone. 

2. The interlayer bonding material had to be inert to acetone. 

There are several thin films that are easily etched using acetone. It is the solvent of choice 

for removing most of the photoresist thin films. Hence, we considered using a photoresist 

layer as a sacrificial layer. However, most photoresists are stable only at very low 

temperatures and any processing at or above 100 °C can cause the thin film surface to start 
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curling. Because this would be the first layer in the fabrication process, we needed it to be 

stable at least up to 150 °C to be able to cure other polymer thin films to be used as bonding 

material. 

The sacrificial layer for our 3D integration stack was chosen to be a thin film of poly methyl 

methacrylate (PMMA). It is a polymer of methyl methacrylate and has the chemical 

formula [-CH2-C(CH3)(COOCH3)-]n. It forms a chemically and mechanically stable, 

smooth film on a silicon wafer that can be used for further processing. We used PMMA 

powder (Polysciences, Inc.) with molecular weight around 500,000 and polydispersity of 

2.7. The glass transition temperature of PMMA is 105 °C, however, up to that temperature, 

the films remain relatively stable. Hence, processing can still be carried out at 100 °C. We 

fabricated a thick film of PMMA so that the etch reaction of the sacrificial layer does not 

become mass transport limited. To obtain PMMA films on silicon, we dissolved PMMA 

power in anisole (10% w/v) at 60 °C for 2 hours. The dissolution process was sped up using 

a magnetic stirrer (100 r.p.m.). The PMMA solution was then poured onto a silicon wafer 

and the wafers were left to evaporate the solvent (10 ml) in an isolated and ventilated 

(fume-hood) enclosure. The PMMA film thickness was found to be around ~30 µm. Figure 

3.19 shows the silicon wafer after PMMA film formation. 
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Figure 3.19. Silicon wafer after deposition of PMMA thin film using solution processing. 

 

With PMMA as the sacrificial layer and acetone as the releasing agent, we had to find a 

bonding agent that was inert to acetone. One of the possibilities was polyimide. Polyimide 

is a family of polymers of imide group monomers [-R1-CO-N(R2)-CO-R3-]n, where R1 , R2 

and R3 can represent different organic radicals. Polyimide is relatively inert to most organic 

solvents and has excellent thermal stability – ranging from -200 °C to 400 °C. A polyimide 

thin film formed using PI2611 (HD Microsystems) was considered as the bonding agent 

for the various layers of silicon. However, this polymer cures at 350 °C, which would melt 

the sacrificial PMMA layer. Hence, we used a polymer called SU-8 photoresist. SU-8 is 

one of the most commonly used photoresists in MEMS. It was first demonstrated as a 

bonding material in the path breaking work on transfer printing by Menard et al. [154]. 
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SU-8 is an epoxy-based resin with a single monomer containing eight epoxide groups. 

Commercially available formulations, such as SU-8–2000 series (MicroChem), popularly 

used in flexible electronics, include the monomer dissolved in an organic solvent along 

with a photoacid generator salt. We started the bonding process for two thinned silicon 

pieces by spin-coating a thin film of SU-8 (SU-8 2005, MicroChem) on a handle substrate 

with layer 1 already in place held by stiction of the sacrificial layer. The spin speed was 

3000 r.p.m. to obtain a thin film of 5 µm. Once adsorptive and adhesive forces caused the 

polymer to wet the surface of the substrate, the thinned silicon was brought in contact with 

the handle substrate by manual handling. With the silicon piece in position, the solvents 

were evaporated by heating the substrate at 95 °C for 3 minutes (pre-exposure bake). Next, 

the polymer was exposed to UV radiation (6 seconds, Tamarack PRX2000) which activated 

the formation of an acid through a photochemical reaction with photo acid generator salt. 

The substrate was then heated at 95 °C for 3 minutes to initiate the polymerization process, 

during which the acid acts as a catalyst. Both the bake and cure for SU-8 was done at 95 

°C, hence the PMMA sacrificial layer was not affected. Because SU-8 has multiple 

polymerization sites per monomer, polymerization generally takes place in three 

dimensions resulting in the cross-linking of multiple polymer chains together to form 

gigantic 3D molecules. These massive molecules provide mechanical and chemical 

stability to cured and cross-linked SU-8 thin films. In general, cross-linked SU-8 thin films 

are thermally stable up to 200 °C and chemically inert to most organic solvents. Hence, 

they are ideal for bonding thinned silicon to destination substrates [155, 156]. As an 

experiment, we tested this methodology for a thinned silicon piece bonded to a silicon 

wafer. Figure 3.20 shows the cross-section SEM images for these wafers. The silicon 
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substrate, SU-8 polymer and silicon piece are as indicated. Lastly, to observe whether the 

acetone treatment causes the layers to separate, the handle wafer with two layers of thinned 

silicon bonded with cured and cross-linked SU-8 thin film were placed in an acetone bath 

for ten minutes. No detachment was observed in the layers. 

 

Figure 3.20. Cross-section SEM image showing silicon sample thinned using TPER process bonded 

to a silicon substrate using SU-8. Scale bar is 15 µm 

 

3.5.4 Through silicon via (TSV) growth 

With the materials and process for fabrication and bonding of different levels of silicon 

completed, we devised a plan to obtain growth of metal vias through silicon so as to 

establish electrical interconnection between the different layers. Because the thinned 

silicon samples were placed on the handle substrate facing up, the metal contact pads were 

at the top surface. Hence, with a subsequent silicon sample bonded to the assembly, a 
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process to obtain a metallic connection through this silicon piece was required. At this 

stage, we should consider the unique advantage offered by the TPER process for use of the 

thinned silicon in 3D integration: 

1. The TPER involves the formation of deep trenches in the silicon substrate in order 

for XeF2 to reach deep into the silicon lattice and make the undercut. Hence, we 

already have trenches going all the way through the silicon lattice. These merely 

have to be filled with metal in order to obtain electrical contact with the bottom 

sample. 

2. The TPER process involves the use of an aluminum oxide spacer for protecting the 

side walls of the silicon trench. This spacer acts as a dielectric liner and a barrier 

layer between silicon and copper, thus preventing diffusion of copper into silicon 

and eliminating the need to specially deposit a diffusion barrier layer. 

The silicon pieces were positioned on each other and bonded with SU-8. Because SU-8 

was uncured at the time of placement of the top silicon piece, it flowed into the holes of 

the sample (as seen in Figure 3.20) and had to be removed to obtain TSV growth. We 

removed the SU-8 using O2 (50 sccm)/CF4 (5 sccm) plasma RIE at 10 °C with 150 W RF 

power and 1500 W ICP power. The chamber pressure was kept at 80 mTorr. The etching 

took a total of 12 minutes, with some particulate residue seen at the end. These residues 

were removed by rinsing in acetone and water. Figure 3.21 shows the cross-section SEM 

image of the sample after SU-8 etch. The polymer has been clearly removed from the 

trench, with some recess seen in the substrate because CF4/O2 plasma also etches SiO2. 

There are some polymer residues on the side walls of the trenches because RIE is 
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anisotropic (Figure 3.22). These do not pose a challenge in the integration strategy as the 

subsequent processes are all low temperature. 

 

Figure 3.21. Cross-section SEM of the sample after removal of SU-8 from trenches using RIE. 

Scale bar is 2.5 µm. 
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Figure 3.22. Top view SEM image of the sample after RIE of SU-8. Some polymer residues can be 

seen on the side of the trench. 

 

Once the polymer was removed from the trenches it was essential to fill the trenches with 

metal to form the TSVs. One of the innovative techniques we tried for this was to use 

molten metal as a filler for the trenches. We chose lead-free solder metal (Matsuo Handa 

Co. Ltd.) with a melting point of 215 °C to fill the trenches. The metal was melted and 

deposited on the pad so as to connect it to the bottom pad through the trenches. However, 

because molten solder does not wet some surfaces [157], it remained on the top metal pad 

and did not enter the trench. Another reason for this can be the lack of release structure for 

the air trapped inside the trenches causing an upward pressure on the metal. Figure 3.23 

shows the cross-section SEM image of the sample after the molten metal was deposited on 

it. It can be clearly seen that the metal does not enter the trench. 
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Figure 3.23. Cross-section SEM image of the sample after deposition of molten solder metal. Scale 

bar is 20 µm. 

 

With the unsuccessful attempt at molten metal TSV fabrication, the TSV growth was done 

using the traditional electrochemical deposition process. A seed layer of Cr/Au (10/150 

nm) was deposited on the sample using argon sputtering process after bonding and SU-8 

removal process (25 sccm argon, 5 mTorr, room temperature, 400 W, ESC Metal 

Sputtering System). The sample was then covered with positive photoresist (AZ ECI 3027, 

1750 r.p.m), exposed (200 mJ/cm2) and developed (AZ 726 MIF) with the pattern such that 

only the areas where copper TSVs where needed would be exposed for growth. However, 

with the use of positive photoresist, there is a challenge in this process. Because the 

photoresist is fluid before curing, it flows down into the trenches making a film much 

thicker that its design thickness. When the sample is exposed to UV, the UV rays are not 

able to penetrate to expose the complete photoresist trapped in the trenches. This causes it 
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to be stuck in the trenches clogging the growth of metal TSVs. Some trenches thus clogged 

is shown in Figure 3.24.  

 

Figure 3.24. Positive photoresist remains in trenches after development due to insufficient 

exposure. Scale bar is 5 µm. 

 

This problem can be mitigated by using a negative photoresist. In these photoresists, the 

exposed part remains undissolved in the developer, while the unexposed part dissolves. 

Thus, the resist in the trenches that has not been exposed to UV can be developed and the 

trench can be cleared for metal growth. We used AZ NLOF 2070 (spun at 3000 r.p.m. for 

30 seconds) as the negative photoresist. It was pre-baked at 100 °C for 7 minutes and 

exposed at 200 mJ/cm2 (EVG 6200∞). The photoresist was post-baked at 110 °C for 60 

seconds and developed using AZ 726 MIF bath for 3 minutes. Figure 3.25 shows the trench 

cleared after development using a negative photoresist. 
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Figure 3.25. Negative photoresist is removed from the trenches completely after development. 

Scale bar is 20 µm. 

 

Once the photoresist was removed, the growth of copper was done using electrochemical 

deposition. Copper was grown using a CuSO4 bath at 25 °C with an average forward 

current of 0.488 A for varying periods of time to see the dynamics of growth. Figure 3.26 

shows copper mushrooming out of the trenches thus completing the formation of TSVs. 

These mushrooms indicate non-uniform growth. The growth was made more uniform by 

reducing the average forward current to 0.2 A, and increasing the deposition time. 
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Figure 3.26. Growth of copper to form TSVs after electroplating for 45 minutes using 0.488 A 

forward current. 

 

The growth of TSVs for the final integration strategy was done through specially made 

large trenches in the silicon samples. This was done to ensure: 

1. Better conformal deposition of Cr/Au seed layer on the side walls of the trenches. 

This was further helped by placing the samples at an angle to the sputter targets to 

obtain sidewall coverage for copper growth. 

2. Lower aspect ratio for the growth of copper. This is important because copper 

grows both from the metal pad below and the side walls of the trench. Hence, if the 

trench aspect ratio is very high, the copper growing from the side walls may merge 

restricting reactant transport to the lower levels of the trench and causing the growth 

there to stop. This problem, leading to a void in the TSV, is commonly seen in high 

aspect ratio TSVs. 
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After the growth of copper from the TSVs, the photoresist was removed using acetone bath 

and the copper seed layer was removed using argon plasma RIE (50 sccm, 10 °C, Oxford 

PlasmaLab 100). 

3.5.5 Final Integration Strategy 

With all the key modules for integration established, we made the final integration process 

flow for heterogeneous integration of thinned silicon samples and flexible polyimide sensor 

arrays. Because the procedural details for all the processes involved have been presented 

in the previous sections, we will only discuss the individual processes briefly, while 

concentrating on the complete process flow.  

The process started with the deposition of sacrificial PMMA layer on top of a handle silicon 

substrate. Thereafter, the first layer of the stack was placed on the substrate. In this case, 

we used polyimide based sensor arrays with TPVs and top contact as the first layer (Figure 

3.27). The wafer was then spin-coated with SU-8 2005 to bond the second layer. A thinned 

silicon sample was then placed on the first layer. Alignment was done manually by 

carefully placing the second layer precisely on the first. To ease manual alignment, the 

fabricated samples had the same size and structure, 2×2 cm2 with 40×40 array of 200×200 

µm2 pads and trenches for TSV formation. The thickness of the thinned silicon samples 

was 30 µm.  
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Figure 3.27. Silicon handle wafer after the deposition of PMMA sacrificial layer and placement of 

layer 1. 

 

The SU-8 was then cured, exposed and post-baked to increase the bond strength. It was 

then etched using O2/CF4 RIE to clear the trenches for TSV growth (Figure 3.28). A layer 

of Cr/Au was deposited using sputtering process such that there is some sidewall deposition 

for keeping the complete layer conductive and for proper growth of copper TSVs. The 

wafer was covered with negative photoresist and patterned to obtain openings for selective 

copper TSV growth. The growth was done using 200 mA forward current for one hour. 

The photoresist was then removed using acetone bath and the copper seed layer was 

removed using RIE. This process can be carried out multiple times for integrating several 

layers of thinned silicon together with polyimide layers. Finally, the sacrificial PMMA 

layer was removed using acetone bath to obtain the 3D integrated, vertically 

interconnected, multilayer stack (Figure 3.29). The final integration process flow is 

schematically shown in Figure 3.30. 
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Figure 3.28. Thinned silicon, bonded to polyimide layer using SU-8, on silicon handle substrate 

after removal of SU-8. 

 

 

Figure 3.29. 3D integrated, vertically interconnected, multilayer heterogeneous stack. 
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Figure 3.30. Schematic illustration of the process flow for 3D integration of thinned silicon and 

polyimide. 
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3.5.6 Results and Discussion 

The fabricated devices were tested for electrical conduction across the bottom sensor pads, 

through the TPVs and TSVs, and to the top contact pad. This electrical conduction would 

establish clear proof of the success of the formation of electrically conductive vertical 

interconnects successfully integrating the various layers together. One of the key issues in 

getting the pads to conduct was to obtain alignment between the bottom metal pad and the 

TSV trench, because the alignment was done manually. Figure 3.31 shows the alignment 

for one of the attempted integration runs. 

 

Figure 3.31. Misalignment in the top thinned silicon layer and the bottom polyimide layer can be 

clearly seen through the TSV trenches. The right figure shows the extreme right of the sample while 

the left figure shows extreme left. 

 

The bottom pad and the TSV trench overlap sufficiently for the electrical contact to be 

made and measured. Further, it can be seen that there is no apparent misalignment in the 

X-axis. The misalignment in Y-axis and rotational misalignment can be calculated from 

the following expression: 

𝑑 sin 𝜙 ± 𝑦 = 𝐷 
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where, y is the misalignment in Y-axis and ϕ is the rotational misalignment, d is the distance 

of the point of observation from the origin (assumed at the center of the sample) and D is 

the apparent misalignment. We report the misalignment in Y-axis to be -20.2 µm (minus 

sign due to misalignment in negative Y direction), and in rotation to be 0.62°. These 

misalignments can be vastly improved by using mechanical pick-and-place tools with 

optical alignment methods. 

Electrical conduction across the device was measured using a gold plated silicon wafer as 

the base contact and a probe as the top electrode contact. A Cascade MA 150 probe station 

was used along with Agilent E4890A precision LCR meter for impedance measurement. 

The frequency response of impedance was obtained in the full range of 20 Hz to 2 MHz. 

The average impedance response for ten different TPV+TSV structures is as shown in 

Figure 3.32 along with a schematic illustration of the structure. As in case of TPVs, the 

response is stable through most part of the low frequency regime (<10 kHz) and is very 

suitable for biomedical applications. For higher frequencies, stray parasitic capacitances 

cause the impedance to drift. We report the average value of the DC resistance of the 

structure DC resistance as 1.2±0.2 Ω. These results indicate that there is sufficient electrical 

contact all the way through the TPVs and the TSVs. 
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Figure 3.32. Schematic illustration of the 3D integrated heterogeneous structure along with the 

frequency response of impedance of the TPV+TSV structure. 

 

3.6 Summary 

In summary, we have developed an integration strategy for the fabrication of 3D integrated, 

vertically interconnected, heterogeneous structures. These structures are shown to have 

electrical connectivity throughout all the layers, thus paving way for fabrication of complex 

integrated circuits. We started with the fabrication of a flexible polyimide-based sensor pad 

array with top contacts, such that the sensor pads are connected to the top contacts using 

through polymer vias (TPVs). These were to be integrated with silicon electronics for 

control and data transmission. This was made possible by analysis of the TPER process to 

obtain optimum release conditions for various trench shapes and geometries. The silicon 

samples, thinned using the TPER process were successfully integrated with polymer based 

devices using a low-temperature, low-cost, CMOS compatible process flow. SU-8 was 

used as the bonding agent, while PMMA thin film was used as sacrificial layer for the 

release of the structure using acetone after completion. The TSVs connecting the bottom 
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metal pads with the top metal pads on silicon where fabricated using copper 

electrochemical deposition process with Cr/Au thin film as seed layer. With this integration 

strategy, several layers of electronics based on silicon, polymer or any other substrate can 

be integrated on top of each other. Hence, a complete system on chip can be built using 

ICs made with specific optimized processes and subsequently integrated together. With the 

presented process flow, this system can be made flexible if the constituent layers are thin 

enough to be flexible. 
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Chapter 4 Stretchable Thin Film Electronics 
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4.2 Introduction 

One of the key strategies for the future of semiconductor industry has been enlisted as the 

use of novel system architectures by the ITRS. This is consistent with their More-than-

Moore approach and involves the development of breakthrough and disruptive 

architectures such as flexible and stretchable systems. Stretchable electronics are now at 

the fore-front of device technology, especially with the emergence of wearable electronics 

and the Internet of Things (IoT), certain novel applications require that electronics be 

stretchable. In particular, advanced healthcare applications entail fabricating skin-

integrated electronic sensors and actuators that are stretchable so as to conform to body 

parts and organs of different sizes. However, most of the modern electronic systems are 

based on silicon (100) substrate, which cannot be stretched, because when laterally 

stressed, the induced strain is a direct function of the mechanical properties of the lattice 

alone. This practical difficulty can be overcome by using inherently stretchable materials 

for fabrication of stretchable electronics. Polymer-based organic semiconductor materials 

are a set of semiconductors that are inherently stretchable [162-164]. A detailed review of 

organic electronics was presented by Dong et al. [165]. The inherent stretchability of these 

semiconductors is a result of long polymeric chains in an entangled arrangement, which 

when stretched become aligned and return to their original positions after release. 

Therefore, these materials do not yield even when large lateral strains are applied. 

However, the electrical performance of these organic semiconductors is poor compared to 

that of silicon electronics. Furthermore, the sophistication in fabrication technology of 

silicon and the advantages of the silicon (100) substrate make it a favorable choice for use 

in futuristic stretchable electronic applications. One of the ways to overcome the limited 
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stretchability of silicon is to use stretchable metallic interconnects to connect small islands 

of silicon (100) to form a stretchable fabric. However, just like silicon, most of the 

commonly used metals, like copper, aluminum, and nickel, are not inherently stretchable. 

Hence, these metals are either patterned into lateral springs to make them stretchable, or 

processing techniques are developed to obtain novel conductive stretchable materials. In 

the following section, we discuss both of these methods and the state-of-the-art in them. 

 

4.3 State-of-the-Art and Literature Review 

4.3.1 Conductive Polymer Composites 

A strategy to obtain stretchable conductors is to disperse electrically conductive 

nanoparticles or nanowires into stretchable polymeric matrices (Figure 4.1). The 

conductive elements are normally rigid and act as a scaffold for the polymer matrix. Silver 

and gold nanoparticles and nanowires [166-168], carbon nanotubes, and graphene are some 

of the most widely used conductive elements [169-171], while commonly used polymer 

matrices are PDMS [172, 173], and PU (polyurethane) ([-CO-NH-C6H4-CH2-C6H4-NH-

COO-CH2-CH2-O-]n) [174, 175]. In some cases, conductive elements are treated with 

surfactants to stabilize them in the polymer matrix and enhance charge transfer between 

adjacent elements [168]. Because the conductive elements are rigid and polymers 

themselves are non-conductive, it is important to keep a balance between the amount of 

conductive elements and polymers in the composite: a large amount of conductive elements 

gives high conductivity with low mechanical deformability, while a large amount of 

polymers can lead to low conductivity [176]. In these polymer composites, conduction of 
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electrons takes place through the continuous conductive paths made by adjoining 

conductive elements. According to the percolation theory, conductivity strongly depends 

on the conductive particle volume fraction [177, 178], when it is below the percolation 

limit, the polymer remains insulating because the conductive particles are too sparsely 

distributed to conduct, but as it surpasses the limit, the polymer becomes conductive as 

conductive pathways form from one end of the polymer composite to another. After the 

percolation limit is crossed, further increase in particle volume fraction does not 

significantly enhance conductivity. In general, the percolation limit is affected by several 

factors including the size and composition of the conductive particles, the chemical 

composition of the polymer matrix and the deposition method [179-181]. In addition to 

quantity, the quality of conductive elements must be carefully controlled. Because the 

current carriers flow through adjacent nanowires or nanoparticles, the contact resistance 

between these conductive elements plays a key role in determining the final conductivity 

of the composite. Also, conductive elements need to be uniformly distributed within the 

polymer matrix; typically, a homogenous dispersion is obtained using techniques such as 

ultra-sonication. 
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Figure 4.1. a) Optical image of a stretchable conductive polymer composite based on carbon 

nanotubes. b,c) Change in normalized resistance of the polymer composite with strain, twisting and 

bending. 

 

With so many process variables, polymer composites can be less desirable than metal 

springs as stretchable conductors. Furthermore, polymer composites have an inherently 

random distribution of conductive elements; hence, there can be a large variation in 

resistance for conductors fabricated using the same processes. Another critical 
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disadvantage of polymer composites is that their resistance depends on strain. This is 

intuitive because strain applied on the polymer matrix increases the distance between the 

adjacent conductive elements, thus increasing contact resistance. Also, nanoscale 

conductive elements required in fabrication of composites make them expensive to 

produce. 

4.3.2 Liquid Metals 

Liquid metals provide a unique opportunity to design stretchable metallic interconnects 

and novel microfluidic devices. While mercury has been known to be a liquid metal for 

centuries, it has not been used in electronics because of its high toxicity; in particular, 

because flexible and stretchable electronics are developed for wearable applications, where 

the use of non-toxic materials is essential. Recently, gallium-based alloys such as eutectic 

gallium indium (EGaIn, Ga 75 wt%, In 25 wt%) and galistan (Ga 62.5 wt%, In 25 wt%, Sn 

12.5 wt%) have been shown to be liquid at room temperature [182, 183]. These liquid 

metals have resistivity of an order-of-magnitude higher than bulk silver. Although this is 

higher than most common metals, it is lower than polymer composites and sufficiently low 

for several applications. Stretchable conductors are fabricated using these liquid metals by 

encapsulating them in hollow elastomeric structures (Figure 4.2) [184-186]. In 2013, Zhu 

et al. reported massive stretchability of 800–1000% [187]. Their process can facilitate the 

fabrication of stretchable devices if it is used to interconnect silicon processing islands. 

However, one critical drawback of this process is that the liquid metal is extremely 

expensive because it contains indium. A detailed review of liquid metals and their 

applications has been presented by Eaker and Dickey [188]. 



139 

 

 

Figure 4.2. a) and b) Images of stretchable fibers fabricated using a liquid metal core encapsulated 

in an elastomeric hollow fiber. c) Change in normalized resistance of the stretchable metal wire 

with strain. 

 

4.3.3 Metal Springs 

In this approach, free-standing metallic interconnects are formed using a serpentine spring 

design. This approach has been used to obtain stretchable electronic fabrics, but using non-
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silicon islands [189-192]. Metal layers are patterned into lateral spring structures using 

serpentine patterns [192], self-similar designs [189], or fractal patterns [190]. In all cases, 

the metal, which can be copper, aluminum or gold thin film, is deposited on a polymer 

backing, typically PDMS or polyimide. Polymer thin films can be formed using different 

spinning and curing conditions based on the manufacturer’s specifications. The metal thin 

film is deposited on the polyimide using sputtering or electroplating, and both metal and 

polymer thin films are patterned into lateral spring structures to impart stretchability. These 

stretchable metal interconnects can be used to connect flexible silicon islands to form a 

stretchable device. The final stretchable device can be free-standing or bonded to an 

elastomeric destination substrate (such as PDMS). In the latter case, the elastomeric 

substrate is subjected to the entire strain due to stretching, while the out-of-plane twisting 

in the free-standing metal interconnect layer absorbs the strain on the device layer. Hence, 

in case of elastomeric substrates, a small amount of strain may be experienced by the silicon 

islands that are directly bonded to the strained elastomer. The most important characteristic 

of a stretchable conductor is change in its resistance with respect to applied strain. Ideally, 

application of strain should not change the resistance of a conductor. An application of this 

strategy was demonstrated by Song et al. in 2013, using silicon-based photodiodes 

interconnected with stretchable metallic interconnects (Figure 4.3) [193]. The stretchable 

interconnects were formed with a Cr/Au bilayer thin film encapsulated in polyimide using 

a serpentine design. The metal spring strategy provides a low-cost process for obtaining 

stretchable conductors. Furthermore, because metals are used directly as interconnects, 

resistivity is not compromised and state-of-the-art processes can be used to obtain ohmic 

contact with silicon islands. Process parameters can also be controlled using matured 
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fabrication modules like lithography and deposition, making the process manufacturable 

and scalable. Because of these advantages, we investigated processes to obtain stretchable 

metal structures and demonstrate their applications in wearable electronics technology. 

 

Figure 4.3. Image of the hemispherical camera fabricated using serpentine metal interconnects and 

silicon photodiode islands. 

 

4.4 Stretchable Thin Film 

4.4.1 Design Optimization 

For the design of the stretchable conductive thin films, it was important to analyze their 

stretchability based on the design variables. The main consideration in designing a 

stretchable fabric is that the final design should be completely symmetric and should be in 

a unit cell form that can be repeated (like fractal design [190]) to make an infinite fabric. 

The design of a stretchable electronic fabric should incorporate a space for making the 

electronic circuits and a place for spring systems which can make the design stretchable. 

We considered the mosaic pattern shown in Figure 4.4. The design consists of blue square 

islands that can house the electronic circuits such as processing units, sensors, actuators, 
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batteries or energy storage units. The space between the islands is occupied by some lateral 

spring design that can elongate on the application of strain and provide the requisite 

stretchability to the system. For the fabric to be repeatable in the two dimensional plane, 

the spring design has to fit into the hexagonal space that forms between the two islands, as 

shown in Figure 4.4. The dimensions of this hexagon are completely defined by the side of 

the square island (a), and the separation between them (d). Also, in the following 

discussion, we assume that the width of the spring is much smaller than either of a and d, 

and the thickness of the thin film spring is much smaller than its width. 

 

Figure 4.4. The mosaic pattern of a continuous two-dimensional stretchable fabric shows that there 

is a symmetrical hexagonal space for the stretchable elements in the fabric. 

 

Now, stretchability is defined as the ratio of the distance between the two nodes after and 

before the application of stress. For a design with stretchable spring structures that elongate 

on stretching, the distance between the nodes after stressing can be approximated as the 
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circumference of the spring, because the spring completely elongates and becomes almost 

a straight line at maximum strain. It is clear that the stretchability can be optimized for a 

given starting distance between the islands, if the length of the spring, and hence its 

circumference, is optimized. For this doctoral thesis, we focused on the optimization of the 

horseshoe lateral spring structure that has been previously reported in literature [193-195]. 

The entire structure of the horseshoe spring should completely fit into the hexagonal space 

between the square islands (Figure 4.4). This can be done efficiently, if the main lobe of 

the horseshoe design is centered at the central axis of the hexagon, with the maximum 

possible radius (Figure 4.5). For continuity, the two lobes are connected using a straight 

line segment. Further, a smaller circular arc connects the main lobe to the square island 

that houses the electronic circuits. To optimize the lateral spring stretchability, we 

optimized the position and radii of both the circular arcs, as well as the length of the 

connecting line segments. 
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Figure 4.5. The horseshoe lateral spring structure and the geometrical considerations for its 

optimization. 

 

We start the analysis by first defining an arbitrary point on the y-axis for the center of the 

main lobe. Thus, the point A is placed at co-ordinates (0,b), where b is between 0 and 

(a+d)/2. From this point, we drop a perpendicular onto the edge of the hexagon to obtain 

the maximum allowable radius for the main lobe. The equation of the edge of the hexagon 

with respect to the co-ordinate system shown in the figure is as follows: 
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𝑦 =  −𝑥 + (
𝑎 + 𝑑

2
) 

The perpendicular distance of this line from point A is the maximum allowable radius (R) 

of the main lobe of the horseshoe lateral spring. Hence, 

𝑅 =
|(

𝑎 + 𝑑
2 ) − 𝑏|

√2
 

Since, b is always less than (a+d)/2, the modulus sign can be ignored to obtain: 

𝑅 =
(𝑎 + 𝑑) − 2𝑏

2√2
 

To simplify the equation further, let us define a positive constant α such that, 

𝑏 =
𝛼(𝑎 + 𝑑)

2
, 𝑤ℎ𝑒𝑟𝑒 0 < 𝛼 < 1 

Hence, R can be written in the as a function of α, as: 

𝑅 =
(1 − 𝛼)(𝑎 + 𝑑)

2√2
 

Now, for a given center of the main lobe A, and the calculated radius R, the angle θ at 

which the main lobe continues as a straight line can be calculated. The main lobe terminates 

into a straight line at point C, such that the line passes through the origin for continuity. At 

point C, the line OC is tangent to the main lobe, and hence the radius drawn from point A 

is perpendicular to OC. Also, the length of AC is R and that of AO is b. Hence, we get: 

sin 𝜃 =
𝑅

𝑏
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sin 𝜃 =
1 − 𝛼

√2𝛼
 

The length of the line OC can be obtained as a function of α and (a+d) as R×cotθ. With 

the value of theta obtained, the radius and position of the smaller circular arc FG can be 

found. For continuity, both the main lobe and the small arc FG are tangent to the line OF 

at point F. Hence, the center of the small arc should lie on the line AF, which is 

perpendicular to the line OF. Also, the center of the arc is placed such that the arc 

terminates at point G, from where a straight line along the x-axis is used to complete the 

spring connection to the island. Thus, the center of the small arc, point B, is equidistant (by 

its radius r) from both lines OF and OG. As a result, we can conclude that point B lies on 

the angle bisector of the angle FOG. Knowing that angle FOG is (π/2-θ), the equation of 

line OB can be obtained as: 

𝑦 =  −𝑥 tan (
𝜋

4
−

𝜃

2
) 

Also, the equation of line AB is y = x×tanθ + b. Since point B lies at the intersection of 

lines OB and AB, its co-ordinates can be obtained as: 

(
−𝑏

tan θ + tan (
𝜋
4 −

𝜃
2)

,
𝑏 tan (

𝜋
4 −

𝜃
2)

tan θ + tan (
𝜋
4 −

𝜃
2)

) 

Thus, the radius of the smaller arc, which is equal to the y-coordinate of point B, is obtained 

as a function of α and (a+d). Finally, the length of the straight line connector from point G 

to the island can be obtained from the x-coordinate of point B. The length of the straight 
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line is the difference between this value and the total distance of origin from the edge of 

the island. Thus: 

𝐺𝐻 = 𝑂𝐻 − 𝑂𝐺 

𝐺𝐻 =
𝑑

2
−

𝑏

tan θ + tan (
𝜋
4 −

𝜃
2)

 

With all the distances known in terms of α and (a+d), we can calculate the circumference 

of the horseshoe spring, 

𝐶

2
= (2𝜃 + 𝜋) ∗ 𝑅 + 𝑅 cot 𝜃 + (

𝜋

2
+ 𝜃) ∗ 𝑟 + [

𝑑

2
−

𝑏

tan θ + tan (
𝜋
4 −

𝜃
2)

] 

This value is a general value for any given a, d and α. Now, substituting the known values 

of R and r, we obtain: 

𝐶

2
=

𝑑

2
+ (

𝑎 + 𝑑

2
) [(2𝜃 + 𝜋 + cot 𝜃) (

1 − 𝛼

√2
) + (

𝜋

2
+ 𝜃) (

𝛼 tan (
𝜋
4 −

𝜃
2)

tan θ + tan (
𝜋
4 −

𝜃
2)

)

−
𝛼

tan θ + tan (
𝜋
4 −

𝜃
2)

] 

Where, 

𝜃 =  sin−1 (
1 − 𝛼

√2𝛼
) 
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The quantity in the square brackets is a function of α alone and we can rename it as f(α). 

Thus, the final equation for the total circumference of the horseshoe lateral spring can be 

expressed as: 

𝐶 = 𝑑 + (𝑎 + 𝑑)𝑓(𝛼) 

Now, with this information in hand, we can define the stretchability of the lateral spring. 

As we argued earlier, the stretchability should be defined as the ratio of lateral length of a 

unit cell of the fabric after the application of strain to that before. In case of lateral spring 

based thin film systems, the circumference of the spring can be approximated as the final 

distance between the square islands after the application of strain. Now, for a unit cell, the 

distance to the center of the square islands on either side of the springs has to be considered. 

Thus, original distance is (a+d), and distance after stretching is (a+C). The total 

stretchability can be obtained as: 

𝑆 =
(𝑎 + 𝐶) − (𝑎 + 𝑑)

𝑎 + 𝑑
 

𝑆 =
(𝑎 + 𝑑 + (𝑎 + 𝑑)𝑓(𝛼)) − (𝑎 + 𝑑)

𝑎 + 𝑑
 

𝑆 = 𝑓(𝛼) 

Interestingly, the final stretchability of the fabric does not depend on the values of a and d. 

It only depends on the value of α, i.e., the relative placement of the center of the main lobe 

on the hexagon axis. For a particular position of this center, all the other parameters are 

constrained in such a way as to provide a single optimum value of stretchability. So far, all 

the discussion has been for a general case, with values of a, d and α unknown. Now, let us 
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analyze the best values of these parameters for a stretchable fabric. It should be noted that 

the final definition for θ expressed in Equation 14 provides an important constraint over 

the value of α. Because sine of an angle has to be between 0 and 1, we can write: 

0 <
1 − 𝛼

√2𝛼
< 1 

This inequality shows that α<1 (which is known by definition), and: 

𝛼 >
1

1 + √2
, 𝑜𝑟 𝛼 > 0.414 

Thus, the center of the main lobe cannot be lower than a particular point on the y-axis. For 

the values of alpha between 0.414 and 1, we can plot the behavior of f(α), and find the most 

optimum stretchability. Further, since this stretchability does not depend on the values of 

a and d, we can use the best case scenario for any design of the stretchable fabric. Figure 

4.6 shows the variation of stretchability with α. It can be seen that the best values can be 

obtained for lower values of α. This is intuitive, since a small value of α allows for a larger 

main lobe radius. This increases the overall circumference of the spring, and hence the 

stretchability. 
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Figure 4.6. The variation of stretchability with α shows that higher stretchability can be achieved 

for lower values of α, i.e., when the center of the main lobe is closer to the origin. 

 

As we discussed, this value of stretchability is independent of a and d. However, this does 

not mean that these values can be arbitrarily chosen. Ideally, we would like to have a large 

value of a (for having large islands and hence more useable area for the embedded 

electronics), and a small value of d, so that the separation between the islands is minimum 

and least amount of area is wasted in the spring structure. To quantify this argument, we 

define a figure of merit called the area efficiency of the stretchable design as the ratio 

between the areas of the square islands to the total area of the fabric. Thus, for a given unit 

cell, we get: 

𝜂 =
𝑎2

(𝑎 + 𝑑)2
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We can obtain the efficiency to be 1, if d → 0. This seems achievable for any value of 

stretchability, since it does not depend on the values of a and d. However, there is an 

important constraint that has to be considered. The diameter of the main lobe should be 

such that it is less than the separation, d, between the two islands. This can be written 

mathematically as: 

(1 − 𝛼)(𝑎 + 𝑑)

√2
< 𝑑 

It is important for further analysis to define another constant β as the ratio of the separation, 

d and the side of the islands, a. In terms of β = d/a, we can write the above equation as: 

(1 − 𝛼)(1 + 𝛽) < √2𝛽 

Solving for β, we get: 

𝛽 >
1 − 𝛼

√2 − 1 + 𝛼
 

Hence, the value of d cannot be arbitrarily small for a given value of a and α. Figure 4.7 

shows the minimum values of β for a given value of α between 0.414 and 1. These values 

also define the maximum area efficiency of the stretchable fabric since, 

𝜂 =
1

(1 + 𝛽)2
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Figure 4.7. The minimum value of β for a given value of α. The shaded region shows all the values 

β can take. 

 

The plot in Figure 4.8 describes the main design considerations to be taken into account 

for making a stretchable fabric – the desired stretchability and the maximum area efficiency 

obtainable for it. It can be clearly seen that to obtain greater stretchability, the area 

efficiency has to be sacrificed. Hence, the best values of the parameters of the lateral spring 

depend on the particular application and the balance between stretchability and area 

efficiency. 
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Figure 4.8. The maximum stretchability (100×f(α)) for a given area efficiency shows that there is 

a trade-off between stretchability and area efficiency. 

 

4.4.2 Fabrication Process 

The fabrication process for stretchable metal thin films was a key achievement of this 

doctoral research project. The process flow presented hereafter is a low-cost, low-

temperature, highly scalable and CMOS compatible process. The metal spring structures 

are fabricated monolithically on a single silicon substrate. The metal structure is released 

at the end of the process to obtain a flexible and stretchable conductive thin film. Further, 

because the metal structure is released from the wafer, the silicon wafer can be reused after 

cleaning to reduce the cost of fabrication further. 

A 4” silicon wafer with 300 nm of thermally grown oxide was used as a starting point for 

the fabrication. We deposited 1 µm of amorphous silicon using plasma enhanced chemical 

vapor deposition (PECVD) at 250 °C for 25 minutes using SiH4/Ar plasma as a sacrificial 
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material (Oxford PlasmaLab 100). We then spun a thin film of polyimide (4 µm, PI2611, 

HD Microsystems) at 4000 r.p.m. for 60 seconds. The polyimide was cured in steps: 90 °C 

for 90 seconds, 150 °C for 90 seconds, 4 °C/min ramp up to 350 °C and 350 °C for 30 

minutes. We deposited 200 nm aluminum thin film using argon plasma sputtering (25 

sccm, 5 mTorr, room temperature, 400 W, ESC Metal Sputtering System), as a hard mask 

for polyimide etch. The aluminum was patterned using photoresist soft mask (AZ ECI 

3027, 1750 r.p.m., 200 mJ/cm2, EVG 6200∞) and etched using wet chemical etchant bath 

(Gravure Aluminum, Techniq France, 5 minutes). The polyimide was etched using O2 (50 

sccm) plasma at 60 °C, 80 mTorr, for 16 minutes (Oxford PlasmaLab 100). We deposited 

Cr/Au (10/150 nm) as the seed layer for copper growth using argon plasma (25 sccm, 5 

mTorr, 400 W, ESC Metal Sputter System). We then used another lithography step with 

AZ ECI 3027 photoresist to obtain the pattern for copper growth. Copper was grown using 

electrochemical deposition process at 200 mA deposition current for 5 minutes (SEMCON 

1500). The time and current can be changed according to the required thickness, the mask 

opening area and the particular application. The photoresist was removed using acetone 

and the copper seed layer was etched using argon plasma (50 sccm) RIE at 10 °C for 3 

minutes. The structure was released by isotropically etching the sacrificial amorphous 

silicon layer using XeF2. The process flow is illustrated schematically in Figure 4.9.  
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Figure 4.9. Schematic illustration of the process flow for fabrication of stretchable metal thin films. 

 

The final fabricated spring structure and its stretching is shown in Figure 4.10. It can be 

observed that the spring straightens out to become approximately a straight line. There are 

some twists on its surface that decrease the stretchability slightly. We analyze the reduction 

in stretchability due to twisting in the next section. The values of the parameters used in 

this case are given in Figure 4.11. It was observed that the square islands were separated 

by the approximately circumference of the lateral springs at maximum strain. The observed 

stretchability of the design was 1.875, which is close to 2.01 (within 6.72%), calculated 

using the analysis presented in the previous section. 
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Figure 4.10. The fabricated thin film based stretchable fabric with a horseshoe lateral spring 

structure, before and after the application of strain. 

 

 

Figure 4.11. The stretchability experimentally observed is 1.875 for the given parameters, while 

the theoretical calculations predict 2.01. 
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The fabrication process was done at a low-temperature (<400 °C) and involved relatively 

low-cost materials. The key aspect in fabrication of flexible thin films is the mitigation of 

stress. Because a small amount of stress in the layer is enough to make the thin film bend 

and roll-over, it was important to use materials and processes involving low stress. The 

polymer chosen for the fabrication process, polyimide, is when known to form low stress 

thin films while electrochemical deposition is known to provide thick, low stress layers of 

copper. Further, the thicknesses of the copper lines and the PI layer were engineered to be 

the same, so that the neutral axis during bending is at the copper/PI interface. Hence, the 

interface of the two materials was under no stress even during flexing. 

4.4.3 Stretchability Analysis 

The metal used in this fabrication process is copper, since it is a common, low-cost metal 

with excellent conductivity and is compatible with the CMOS fabrication process. Because 

copper is inherently unstretchable [196], we adopted a lateral spring design to make copper 

stretchable. Copper has been coupled with a polymer, polyimide, to provide structural 

support as well as insulation layer. One of the major concerns in designing a stretchable 

conductive metal thin film is its cracking upon application of stress. This problem can be 

observed when a metal is deposited on a stretchable polymer base, and the polymer is 

stretched. This phenomenon was verified by argon sputtering a 600 nm layer of copper on 

a stretchable PDMS base. The copper strip (Figure 4.12) had an end-to-end resistance of 6 

Ω under no strain. However, even with a relatively small lateral strain of 7%, the end-to-

end resistance went out of the limit of the measuring instrument (> 20 MΩ). This happens 

due to the cracking of the metal surface as shown in Figure 4.12. 
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Figure 4.12. A strip of PDMS sputtered with 600 nm of copper gives a resistance of 6 Ω. When a 

strain of 7% is applied, the resistance goes out of the measuring range of the instrument (20 MΩ) 

because of the development of cracks in the metal. 

 

This problem was overcome by patterning the thin film in such a way that it twists out-of-

plane to relieve the stress. This design is based on a lateral spring structure, which has been 

demonstrated in the past [189, 193, 197-201]. The stretching mechanism of this design is 

shown in Figure 4.13 using a simple paper model. The spring elongates in the lateral 

direction by twisting out of plane at particular points. The paper model is used to 

demonstrate the stretching mechanism since this out-of-plane twisting is clearly visible in 

the macro-sized model. For a unit cell shown in Figure 4.13, the twisting occurs at four 

points. At each point, the twist causes a 180° phase shift in the plane of the spring. Hence, 

after two twists, the spring plane is again normal (or aligned back) to the original direction. 

This is depicted using two colors, blue and white. The blue plane is normal to the original 

direction after two twist points (at the center of the spring), and at the end, after four twist 

points. 

 

Figure 4.13. A paper model representing the stretching behavior of a semi-circular lateral spring. 
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Figure 4.14. A 3D model illustrates that the original circumference of the spring makes an out-of-

plane helical structure. 

 

This elongated lateral spring structure can be approximated as a 3D spiral shown in Figure 

4.14. The twist points have been highlighted with the dotted squares and the colors of the 

planes have been kept the same for resemblance. The pitch of this spiral (P) is the final 

length of the elongated spring, and hence will give us the stretchability of a lateral spring 

structure. Now, the initial circumference (C) of the lateral spring has been twisted into the 

length of the 3D spiral in Figure 4.14. The spiral can be easily described in a cylindrical 

co-ordinate system with a constant radial co-ordinate, and varying θ and z co-ordinates. 

For a given pitch P, the theta co-ordinate goes from 0 to 2π. Hence, the z co-ordinate can 

be considered as a function of theta as: 
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𝑧 =
𝑃𝜃

2𝜋
 

Hence, the 3D spiral is the locus of the point (r,θ, Pθ/2π). This general point can be 

converted into the Cartesian co-ordinate system using a simple conversion as (rcosθ, rsinθ, 

Pθ/2π). For a small change, dθ, in theta, the change in the other co-ordinates can be 

obtained. This change can be used to calculate the distance between the two points as: 

𝑑𝐿 =  √(𝑑𝑥)2 + (𝑑𝑦)2 + (𝑑𝑧)2 

𝑑𝐿 =  √(𝑑𝑟𝑐𝑜𝑠𝜃)2 + (𝑑𝑟𝑠𝑖𝑛𝜃)2 + (𝑑 (
𝑃𝜃

2𝜋
))

2

 

𝑑𝐿 =  √(𝑟𝑠𝑖𝑛𝜃)2(𝑑𝜃)2 + (𝑟𝑐𝑜𝑠𝜃)2(𝑑𝜃)2 + ((
𝑃

2𝜋
))

2

(𝑑𝜃)2 

𝑑𝐿 =  √𝑟2 + ((
𝑃

2𝜋
))

2

𝑑𝜃 

The integration of this distance over the complete rotations should give the circumference 

of the original lateral spring. In general, if the lateral spring has n twist points, the total 

length is given by: 

𝐶 =  ∫ √𝑟2 + ((
𝑃

2𝜋
))

2

𝑑𝜃
𝑛𝜋

0

 

𝐶 =  𝑛√(𝜋𝑟)2 + (
𝑃

2
)

2
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Further, the diameter of the 3D spiral is the width of the original lateral spring (w). Hence, 

the pitch can be expressed in terms of the known parameters as: 

𝑃2 = (
2𝐶

𝑛
)

2

− (𝜋𝑤)2 

The stretchability is given by the ratio of the distance traveled by the 3D spiral in z-

direction with the initial lateral length of the spring (l). 

휀 =
𝑛𝑃

2𝑙
 

휀 =
𝑛

2𝑙
√(

2𝐶

𝑛
)

2

− (𝜋𝑤)2 

휀 =
1

𝑙
√𝐶2 − (

𝜋𝑛𝑤

2
)

2

 

This generalized expression gives the maximum stretchability of a lateral spring due to its 

design. This analysis assumes that the materials involved are inherently unstretchable. If 

there is inherent stretching in the materials due to stress, it will be over and above the 

stretching calculated using this expression. From this equation, we can observe that if the 

width of the spring is very small, the equation simplifies to 휀 = 𝐶/𝑙. This is expected since 

a lateral spring with an infinitely small width can be approximated as a string that can 

stretch up to its original circumference. The addition of width necessitates the structure to 

twist which reduces the maximum stretchability. In case of the simple lateral spring shown 

in Figure 4.13, the circumference is 2πR and the initial length, l = 4R, where R is the radius 
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of the lobes of the spring. Also, the number of twists is four as seen in the paper model. 

Hence, the stretchability in this case can be obtained as: 

휀 =
1

4𝑅
√(2𝜋𝑅)2 − (

4𝜋𝑤

2
)

2

 

휀 =
𝜋

2
√1 − (

𝑤

𝑅
)

2

 

This simple equation describes the behavior of circular lateral springs made using 

inherently non-stretchable materials. It shows that the stretchability is only dependent on 

the ratio of the width of the spring and the radius of the lobes. The maximum stretchability 

that can be obtained for a circular lateral spring design is 57.1%, when the width of the 

spring is negligible compared to its radius. Indeed, for the analysis to hold, the lateral 

springs need to twist out-of-plane. Hence, the width of the spring is generally less 

compared to the lobe radius. This maximum stretchability only applies in case of naturally 

unstretchable metals like copper (Cu), tungsten (W), aluminum (Al), nickel (Ni). However, 

certain conductive materials, such as carbon (C), copper (Cu) and silver (Ag) nanowire 

dispersions and composites, have been shown to be inherently stretchable due to their 

structure [173, 202-207]. This stretchability is over and above the one obtained by design 

as derived in this analysis. Hence, it can be added to the stretchability by design to obtain 

the total maximum stretchability. The stretchability can be further improved by pre-

straining the design [208-210]. 
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4.5 Stretchable Metal Applications 

4.5.1 Stretchable Thermal Patch 

To demonstrate an application of the stretchable copper conductors, we designed a 

stretchable thermal patch. The thermal patch was designed as shown in Figure 4.15. To 

demonstrate the scalability of the design, we fabricated two versions of the design by 

scaling the design parameter λ (= 100 and 200 μm). The total length (Lt) of the curved 

structure is 78.35λ, while the lateral length (Ll) of the spring is only 10λ. When the spring 

is stretched to its maximum capacity, the lateral length of the spring is approximately equal 

its total length (apart from the small reductions due to twisting discussed in the previous 

section). Hence, we report a maximum stretchability of approximately 800% for the 

individual springs. The heating pads do not contribute to the stretching, and have a constant 

lateral length of 20λ, along with interconnects of length 5λ. This length on both sides of 

the spring increases the lateral length before and after stretching equally, hence the 

stretchability at the device level is given by: 

𝐿𝑡

𝐿𝑙
=

(78.35 + 2 × (
20
2 ) + 5 + 5) 𝜆

(2 × (
20
2 ) + 5 + 5 + 10) 𝜆

  

Hence, with the heating pads included, the total stretchability of the system becomes 270%. 
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Figure 4.15. Design of the stretchable lateral spring provides up to 800% uniaxial stretchability. 

The design can be scaled using the scaling parameter λ to obtain devices of different dimensions. 

The heating pads are squares of size 20λ. Contact pads are 2 × 20 mm 2 in both cases. The copper 

lines (green) on the heating pads are placed so as to maximize the length and hence the resistance, 

of the conductor. The PI pad has holes of 100 μm diameter, separated by 200 μm (center-to-center) 

to reduce the time required for XeF2 gas phase release. Scale bar is 1 mm. 

 

 

Figure 4.16. The thermal patch after release and placed on the skin in various positions and lateral 

strains. 
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The fabrication process for the thermal patch was as detailed in section 4.4.2. Optical 

images of the thermal patches after release and in various positions on the skin under 

different stress conditions are as shown in Figure 4.16. The mechanical performance of the 

lateral springs under uniaxial tensile strain is summarized in Figure 4.17. We report a 

maximum stretchability of approximately 800% for the individual springs. This translates 

into an overall maximum stretchability of the device of approximately 300%. However, we 

observed that this maximum point was not reversible. We obtained the elastic limit for the 

springs to be around 600%. The springs returned back to their original state after 100 cycles 

of stretching up to 600% (Figure 4.18). The force versus elongation plot obtained for the 

springs closely resembles hyper-elastic, rubber-like materials reported in literature [211-

214]. Thus, the lateral spring design makes copper thin films behave hyper-elastically. For 

stretchable conductors, it is essential that the resistance of the device does not vary with 

the applied strain as well as with strain cycles. It was observed that the resistance of the 

thermal patch was almost invariant with strain – variation of only 2%-3% within the elastic 

limit. This was mainly because of the design of the lateral spring system. The applied strain 

was absorbed in deformation of the spring design, hence the copper interconnect was, at 

no point, under strain. This hypothesis was confirmed using field emission scanning 

electron microscopy (FEI Quanta 200 FEG). The copper grains show no change in grain 

size, or no micro- or nanoscale crack formation under high-resolution FESEM (Figure 

4.19). Hence, the resistance of the metal lines (and the complete device) was unchanged 

throughout the experiment. Further, the slight variation in resistance is only for the first 

few stretching cycles. The resistance becomes constant after several cycles of stretching. 

In particular, the resistance is seen to settle to a constant value after 100 cycles (Figure 
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4.20). This is mainly because with the first few cycles, the springs undergo a slight 

reorientation of metal grains to accommodate for the twisting in the lateral spring. Once 

the metal grains “settle,” the resistance of the springs and the device becomes practically 

invariant with respect to strain. 

 

Figure 4.17. Spring elongation versus applied force in the lateral direction, and resistance as a 

function of elongation for the first cycle. The resistance value remains constant after the first cycle 

of elongation. The yield point is marked with an “x”. Inset: Spring elongation versus applied force 

within the elastic limit. 

 

 

Figure 4.18. Left picture shows the spring before the beginning of elongation cycles, middle picture 

shows the spring completely stretched (800% spring elongation), and the right picture shows the 

spring after 100 elongation cycles of 600% (within the elastic limit of the spring). 
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Figure 4.19. SEM images of copper surface during straining. The middle image shows the out-of-

plane twisting. Scale bars are 200 µm. 

 

 

Figure 4.20. Variation in resistance of the device with stretching cycles up to the elastic limit. 

 

The thermal patch was contacted by soldering copper wires to the 2×20 mm2 contact pads. 

The total parasitic resistance introduced into the device due to the contacts was measured 

to be 0.05 Ohm (≈0.6% of the total device resistance). The thermal patch was actuated 

using a constant voltage source (Agilent E3631A power supply). The temperature of the 
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device was measured using Optotherm Mirco thermal imaging system. The imaging system 

provided the numerical values of the temperature at various points of the subject, which 

were used to create the temperature color plots (Figure 4.21). It was observed that the 

thermal patch achieved higher temperatures, for the same applied voltage, while in air 

ambience, as compared glass substrate (Figure 4.22). This was expected as air offers only 

convective cooling of the heating pad, while glass substrate offers convection through air 

(top portion) as well as conduction through the glass substrate, and has a higher thermal 

capacity. The glass substrate is also seen to heat up gradually to a certain temperature for 

a specific applied voltage. It is interesting to note from Figure 4.22 that the device reaches 

saturation temperature within a few seconds (<10 s) of switching on. This illustrates that 

the reported devices have a very low response time. To measure the average temperature 

of the glass substrate for a given applied voltage, we defined a square area with area equal 

to four times of the heating pad, with the heating pad at the center, as a unit cell. This unit 

cell can be repeated in 2D to make the thermal patch. Hence, the mean temperature for this 

unit cell represents the mean temperature for the complete patch. The mean temperature of 

this unit cell area was plotted against voltage (Figure 4.23) to obtain the thermal 

characteristics of the heating pad under thermal load (glass substrate). The thermal patch 

was designed such that the widths of the copper lines on the heating pads (50 μm) were 

half and quarter of those on the springs for λ = 100 μm and λ = 200 μm, respectively. Also, 

the copper lines on the heating pads were designed so as to maximize their length. Hence, 

most of the resistance of the device was concentrated across the heating pads. This 

maximized the amount of power dissipated on the heater, and hence maximized the heating. 

With this design, the total resistance of the heater was measured to be 8.85 Ohm (for λ = 
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200 μm, including contact metal resistance). The ratios of the resistance of the heating pad 

and the springs were calculated to be 3.35 and 15.5, respectively. The higher ratio in case 

of λ = 200 μm is mainly because of the lower width of copper lines: λ /4 in the case of λ = 

200 μm as compared to λ /2 in case of λ = 100 μm, and because of larger length of the 

heating lines: 6.84 cm, in the case of λ = 200 μm as compared to 1.48 cm in the case of λ 

= 100 μm. Hence, for a given current, the ratio of power dissipated on the heating pads to 

the total power supplied was calculated to be 0.92 and 0.69 for λ = 200 μm and λ = 100 

μm, respectively. Thus, in terms of heat dissipation on the heating pads, the design with λ 

= 200 μm was found to be more efficient. 

 

Figure 4.21. Color plots of temperature of the thermal patch for various applied voltages, for λ = 

200 μm: Top left:1 V, bottom left: 2 V, top right: 3 V, bottom right: 4 V. Scale bar is 2 mm. 
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Figure 4.22. Temporal response of the heater temperature for a given applied voltage and for the 

substrate as indicated (λ = 200 μm). The power is switched on after the indicated time. 

 

 

Figure 4.23. Temperature of the thermal patch versus applied voltage and power consumed for the 

applied voltage, for λ = 200 μm. The mean temperature corresponds to the mean of the temperature 

readings of a unit area defined as a square four times the heating pad area. 

 

We tested the thermal patch with λ = 200 μm on a consenting, adult human subject (in 

compliance with Institutional Bioethics Policy). Since the thermal patch is only 8 μm in 

thickness, and has a large surface area, the surface to weight ratio is large. Therefore, the 
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patch readily adheres to the skin because of Van der Waals force. The thermal patch was 

powered using a constant voltage DC power supply (Agilent E3631A power supply), and 

the temperatures of the pad and the skin were measured using Optotherm Micro, a thermal 

image microscope for temperature analysis. The thermal imaging system provided the 

thermal map of the subject in the form of a numerical array, which was analyzed for 

temperature increment and distribution uniformity. It was found that the thermal patch 

effectively heated the human skin up to several degrees over the normal temperature 

(Figure 4.24). Further, it was seen that the heating effect was not only under the heating 

pads, but had also extended to the entire region of the patch. This was observed by 

measuring the mean temperature of the skin just after the power to the thermal patch was 

switched off. We report the non-uniformity (σ/μ) of temperature distribution under the 

entire area of the device to be 2.6%. Thus, even with a high strain of 150%, the thermal 

patch can bring about uniform temperature increment on the human skin. The stretchable 

and flexible thermal patch presented in this work has several applications in the biomedical 

industry. The patch can be stretched up to three times its original size and can be applied 

to any part of the human body, and reused thereafter, for thermotherapy. 
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Figure 4.24. a) The maximum and mean temperatures attained versus applied voltage, after 60 s 

from the application of the voltage. The mean temperature is calculated for the entire area of the 

thermal patch, just after switching off the power supply. b) Temporal response of the skin 

temperature for a given applied voltage. The power is switched on after the indicated time. c) Color 

plots of temperature of the skin for various conditions: Top left: initial condition, bottom left: at 1 

V (after 60 s), Top right: at 2.75 V (after 60 s), bottom right: just after switching off power, having 

applied 2.75 V for 60 s. Scale bar is 2 cm. 

 

In real-life applications, a wired constant voltage power supply is not available for use, and 

is impractical to carry around for thermotherapy. Hence, a practical thermal patch system 

should be wireless to be portable and easily usable. Also, as an additional function, the 

thermal patch should be easily controllable using a simple everyday gadget, like a smart 

phone. To this effect, we introduce a thermal patch that is wirelessly controllable using 

Bluetooth-enabled Android-based smart phones. The wireless connectivity was achieved 

using an open source hardware module Arduino Uno along with Seeed Studio Bluetooth 

shield (Arduino code in Appendix A). The voltage applied to the heater was controlled 

using a PWM output from one of the outputs of the Arduino system. Figure 4.25 shows 

two images of the thermal patch being controlled wirelessly, using an Android smart phone. 
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The Android-based temperature control system was also tested with human subjects. 

However, introduction of the off-the-shelf Arduino board and its Bluetooth shield into the 

thermal patch system can make the thermal patch heavy and immobile, thus restricting its 

full potential for use as a generic autonomous portable thermotherapy solution. This 

limitation can be easily overcome using the TPER based thinned and flexible silicon 

electronics to make a flexible microcontroller similar to the one used in the Arduino board. 

Thus, this process can be used to obtain a complete system level solution. Another concern 

for the portability of the thermal patch is the supply of power from a constant voltage 

source. We have shown that the maximum power drawn by the thermal patch is about 1.5 

W. Thus, the thermal patch can be supported by a commercially available coin battery such 

as Panasonic CR2477 with capacity of 1000 mAh, for a period of 2 h, at maximum 

operating temperature. The battery can be recharged to make the thermal patch reusable. 

 

Figure 4.25. Two images of the thermal patch being controlled wirelessly, using an Android smart 

phone. 
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The control of the thermal patch shown in Figure 4.25 utilizes an open loop control system, 

wherein the thermal patch and the control software have been calibrated beforehand. This 

control mechanism can lead to inaccuracies in the temperature control of the thermal patch. 

To overcome this problem, we use the thermal patch itself as a temperature sensor. Since 

the thermal patch employs copper lines for heating, and the resistance of copper increases 

with increase in temperature, the resistance of the device also increases with increase in 

temperature. This resistance is easily sensed based on the current consumed by the thermal 

patch in PWM mode of operation. The temperature response of the resistance of the device 

was tested using a thermal chuck probe station set-up (Cascade Microsystems M150). The 

thermal chuck was set at a particular temperature (for 5 min at every temperature to achieve 

steady state), and a small sensing current was applied to the device to measure the 

resistance of the device without heating it more than the thermal chuck temperature. We 

show the thermal patch can be used as a temperature sensor with a non-linearity of 1.49% 

in the temperature response of the resistance (Figure 4.26). The sensitivity of the 

temperature sensor is reported to be 0.0308 Ohm °C−1 and the temperature co-efficient of 

resistance (α) for copper as 0.00397 °C−1, which agrees well with the values reported in 

literature [215, 216]. This temperature feedback is used to implement a closed loop control 

system such that the temperature control of the thermal patch is accurate making the whole 

system adaptable. The final thermal patch design is shown in Figure 4.27. Our cost 

calculation indicates such an autonomous system will be within $2-3, which is clearly an 

extraordinarily cost-effective solution compared to any other status-quo solution or 

product. A small flexible silicon piece will be used to house microprocessors and other 
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communication devices, while a coin battery will provide power to the electronics as well 

as the thermal patch for several hours of operation. Finally, integration of logic processors 

and memory adds the much needed functionality of constantly monitoring a patient, storing 

the data locally, communicating the in-situ processed data to a cloud computing platform 

and enabling big data analysis.  

 

Figure 4.26. The variation of resistance of the thermal patch with change in temperature. The error 

bars indicate the maximum and minimum values of measured resistance and chuck temperature. 
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Figure 4.27. Final thermal patch design with a flexible silicon microcontroller for wireless 

temperature control and coin battery as power supply. Scale bar is 2 cm. 

 

4.5.2 Stretchable Antenna 

To demonstrate another application for our stretchable metal thin film process, we 

fabricated a stretchable antenna. While there have been several exciting works showcasing 

a stretchable antenna in the past [217-220], these systems radiate at different resonant 

frequencies due to a change in length of the antenna on elongation. Although this can be 

an interesting property for tunable frequency applications, it is undesirable for the typical 

single frequency transmit-receive operation. Because our stretchable metal design 

elongated due to the change in geometry of the structure (no its length), we believed we 

can implement a stretchable antenna with constant communication properties during 

straining. This antenna has been fabricated using the metal/polymer bilayer process 

discussed in section 4.4.2. The key reason the antenna needed to be fabricated as a metal/ 

polymer bilayer is that standalone metal thin films are very malleable, and deform 

plastically under application of stress. Hence, a metal thin film lateral spring structure 
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cannot be used as a stretchable antenna, since it will only be able to undergo one stretch 

cycle. The polymer backing provides the restoration force which helps the spring return to 

its original shape after the release of the applied lateral force. 

Because this antenna was designed for wearable electronics applications, its performance 

when attached to a fabric was crucial. We characterized the antennas stretching, flexing, 

mechanical properties and electrical characteristics all while it was attached to a stretchable 

fabric (Spandex). This was done to showcase the use of the stretchable antenna to monitor 

and communicate body movements and vital signs while being worn. The elongation of 

the lateral spring antenna is shown in Figure 4.28. The antenna on fabric can be flexed, 

twisted, stretched, and crumpled (Figure 4.29). Further, the antenna can be attached on top 

of a sports T-shirt (used by athletes) made of a stretchable fabric, and it will survive the 

stretching, flexing, and twisting associated with basic body movements (Figure 4.30). As 

a result, the antenna can be connected to healthcare monitoring sensors on the body and 

the data can be wirelessly transmitted to a receiver such as a smart phone for storage or 

processing. This will allow athletes to measure parameters such as body temperature, 

oxygen saturation, and blood pressure in real-time during workouts. Further, healthcare 

professionals can use this technology to constantly monitor their patients’ vital signs 

wirelessly. With the collection, processing, and storage of a large amount of data, this 

technology will allow big data analysis of healthcare data. 
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Figure 4.28. The as-fabricated antenna attached to glass slides at both ends, stretched laterally. 

 

 

Figure 4.29. Optical images of the antenna-on-fabric show that it can be strained, bent, twisted and 

curled along with the fabric without physical damage. 
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Figure 4.30. The antenna can be worn on the body and strained because of basic body movements. 

 

The mechanical performance of the antenna (without fabric) is shown in Figure 4.31. We 

report the maximum elongation for the antenna to be 39%. This is very close to the 

theoretical prediction of 43% obtained from the analysis in section 4.4.3. At this maximum 

elongation, the yield force was observed to be 0.15 N (15 MPa). However, the elastic limit 

for the antenna was around 30%. The antenna has enough mechanical strength to be 

handled manually without the need of any support structure. For further strengthening, the 

antenna can be packaged using a foam cavity structure that provides adequate space above 

and below the antenna plane for out-of-plane twisting. The stress-strain curve obtained for 

the antenna in the elastic region is elaborated in the inset. Based on the linear fit for the 

measured points, the spring constant for the lateral springs was calculated to be 0.0102 

Ncm−1. The copper layer was grown on polymer using electroplating, which generally 

leads to a rough thin film surface. The surface roughness of the as-grown copper thin film 
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was evaluated using atomic force microscopy (AFM) using Agilent 5400 SPM. The sample 

was placed on the stage and the probe tip (Ted Pella, Inc.) was attached to the tool. The 

laser was switched on and the detector was adjusted to obtain optimum laser reflection. 

The sample profile was measured at 256 points/line with a speed of 0.1 lines/second. The 

RMS surface roughness for the grown copper film was found to be 84.5 nm (Figure 4.32). 

 

Figure 4.31. The stress-strain curve for the antenna shows that it behaves as a mechanical spring 

with a spring constant, k = 0.01 N cm−1. The yield point for the antenna is reported as 0.155 N. 
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Figure 4.32. The surface morphology for the electroplated copper obtained using atomic force 

microscopy (AFM). The RMS surface roughness was obtained as 84.5 nm. 

 

We characterized the antenna for its impedance and radiation performance. For RF 

excitation, an SMA (SubMiniature version A) connector was then soldered onto the 

substrate, such that its pin makes a contact with the feed line while the body of the 

connector was grounded. It was important to characterize the electrical properties of the 

antenna while attached to a piece of cloth. This was essential since the final communication 

system is proposed to be wearable and integrated onto textile fabrics. To this effect, the 

antenna was taped to a stretchable fabric to characterize the antenna in its presence. Hence, 

the effect of the cloth on the antenna performance is built into the results presented. The 

final assembly is shown in Figure 4.33. The antenna was measured for its impedance 

performance using an Agilent’s PNA (Performance Network Analyzer) N5232A, while the 

radiation pattern of the antenna was measured using Satimo’s Star Lab (Anechoic 

Chamber). The measured 3D radiation patterns of Figure 4.34 demonstrated an 

omnidirectional behavior which is expected from a monopole antenna. The 2D polar plots 
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of the radiation pattern show that there is a good agreement between the simulated and 

measured radiation performance (Figure 4.35). The H plane (XZ plane) of the antenna 

shows a constant gain in the complete elevation plane while the E plane (YZ plane) has 

nulls at θ = ±90°, for both the cases i.e. stretched and unstretched. A measured gain of 0.05 

dB was achieved from the antenna in the unstretched case which slightly changed to 0.7 

dB in the stretched case. 

 

Figure 4.33. Optical image of stretchable antenna on fabric with FR-4 and SMA connector attached. 

 

 

Figure 4.34. The 3D radiation patterns for unstretched and stretched antennas show no significant 

change. 
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Figure 4.35. The directionality, frequency, and bandwidth remain constant with the application of 

strain and bending. 

 

For the continuity of the communication channel, it is important that the operation 

frequency remains the same throughout its lifetime in any strain condition. To study this, 

the reflection coefficients (S11) of the antenna at the extreme strain values are plotted in 

Figure 4.36. It can be observed that the antenna demonstrated a very good impedance 

matching for both the stretched and unstretched cases (S11 < −10 dB at 2.45 GHz). Also, 
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the impedance bandwidth of the antenna was 51.1% and 53.4% for the unstretched and 

stretched case, respectively. Thus we report that the stretchable antenna retains all its 

essential properties on stretching, and can be effective in RF communication while being 

stretched. The other aspect studied for this antenna is the effect on its performance when it 

is bent. To do this, two cylinders of radii 6.3 and 3 cm were used for the antenna 

characterization (Figure 4.35). The cylinders were made using packing foam material 

which has a dielectric constant very close to air (εr ≈ 1) and therefore does not affect the 

antenna characteristics. Moreover, the gain of the antenna remains preserved, independent 

of the bending radius. Hence, we can conclude that the antenna shows flexibility in addition 

to being stretchable. 

 

Figure 4.36. Reflection coefficient versus frequency for the antenna shows the resonant frequency 

and bandwidth remain unchanged with strain. 

 

For a robust wearable communication device, it is essential that the antenna survives 

several thousand cycles of strain. We tested the device for 2000 cycles for up to 30% strain. 
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The polar plot of the radiation pattern of the antenna after cycling is shown in Figure 4.37. 

It can be seen that there is no marked difference in the gain and radiation patterns from the 

initial unstretched case. The antenna, even after 2000 cycles of stretching, maintained an 

omnidirectional radiation pattern. The gain of the device is retained over the strain cycles 

in addition to its radiation pattern (Figure 4.38). Furthermore, the reflection coefficient plot 

of Figure 4.39 illustrates that the operation frequency of the antenna remains unchanged 

for any number of stretching cycles. Top view scanning electron microscopy (SEM) images 

before and after 2000 strain cycles (Figure 4.38, inset) show that the copper thin film does 

not develop cracks due to straining. The SEMs were taken for 20% strained antennas. 

Further, the strain cycle test took a total of three weeks to complete. Hence, this test also 

shows that the copper antenna can survive in the ambient conditions for extended periods 

of time and retain its electrical properties during continued usage. 

 

Figure 4.37. The stretchable antenna provides consistent performance over 2000 cycles of 30% 

strain. 
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Figure 4.38. The stretchable antenna provides consistent performance over 2000 cycles of 30% 

strain. Inset: Top view SEM images of the antenna before and after 2000 stretch cycles at 20% 

strain. Scale bar is 40 μm. 

 

 

Figure 4.39. The operation frequency and bandwidth (S11 < −10 dB at 2.45 GHz) are unchanged 

for 2000 cycles of strain. 
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Because the loading of the antenna by human tissue could increase the losses and cause a 

shift in the resonant frequency of the antenna, it was important to investigate the 

performance of the antenna under practical application conditions. We mounted the 

antenna on the arm of a consenting human subject using double sided Scotch tape (Figure 

4.40), to emulate the exact condition of application of the wearable antenna. A piece of 

cloth was kept as an intermediate layer between the antenna and the human body, as would 

be the case for the end user. The reflection coefficient of the antenna was measured for this 

scenario showing good match at 2.45 GHz (Figure 4.41). To measure the radiation pattern 

of the antenna mounted on the human arm two identical transceivers, Smart RF05 of Texas 

instrument, were used. The board contains CC2530 transceiver chip, which was 

programmed to work as a transmitter at 2.45 GHz on one board while the chip on the other 

board was programmed to operate as a receiver. The antenna under test was connected to 

the module working as the transmitter while the receiver module had a monopole antenna 

provided by the manufacturer connected to it. Using this set up, both H plane and E plane 

of the antenna were measured by rotating the receiver around the transmitter which was 

kept stationary at a point. A variation of 10 dB was observed in the power level received 

from the transmitter. This kind of variation is expected in an open environment due to the 

reflections from the surroundings present around the measurement area. These variations 

have been averaged out to plot them along with the radiation pattern of the antenna 

measured inside the anechoic chamber (Figure 4.41). It can be seen that a good match has 

been obtained between the two measurements which shows that the antenna is suitable for 

wearable applications which is the target of this design. 
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Figure 4.40. The antenna is mounted on a human arm, with a fabric as an intermediate layer, to 

simulate the final end user case. 

 

 

Figure 4.41. The S11 and radiation pattern are measured for the antenna on human arm to ascertain 

its performance in real application conditions. 

 

Once the antenna had been measured for its impedance and radiation characteristics, we 

used it in a communication system operating at 2.45 GHz to carry out range measurements. 

For this purpose, two SmartRF05 evaluation boards of Texas Instruments were used as 

transmitter and receiver. The transmitter board was integrated with the stretchable antenna, 
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while the receiver board had a simple monopole antenna integrated with it. The CC2530 

chip provides a maximum transmitted RF power of 1 dBm (1.25 mW), while the receiver 

was programmed for -100 dBm sensitivity. This test was conducted in an open area on the 

university campus to simulate real life operating conditions. A plot showing the 

relationship between the received power and the distance between the transmitter and the 

receiver is shown in Figure 4.42. The data points are the experimental values of power 

received by the receiver board, while the lines indicate the expected variation in received 

power versus distance according to Friis transmission equation [221]. From this set up, it 

can be seen that the transmitter can communicate well for a distance of up to 140 m (across 

one and half soccer fields) while being in the air. If the transmitted power is increased to 

10 dBm (10 mW), which can be easily achieved in Wi-Fi transmitters as per IEEE Standard 

802.11, then the maximum range can be increased to 394 m. As the final step the same 

range measurements were done with the proposed antenna design mounted on a human 

arm and connected to the transmitter while the receiver set up was the same. It was 

observed that when the antenna was mounted on the human arm the maximum distance or 

range values reduced to 80 m which is still good for the targeted applications. Again, if the 

transmitter power can be increased to 10 dBm then this range value would go up to 225 m 

for the antenna mounted on a human body. For all these measurements, the receiver 

sensitivity was kept constant at -100 dBm. 
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Figure 4.42. Far field communication test showing the relationship between the received power and 

the distance between the transmitter and the receiver. The data points are the experimental values 

of power received by the receiver board, while the lines indicate the expected variation in received 

power versus distance according to Friis transmission equation. 

 

4.6 Summary 

We have presented a process for fabricating stretchable metallic thin films with their 

potential applications. We have overcome limited stretching issue in widely used low-cost 

metallic thin-film copper (Cu) by using a lithographically patterned mechanical design to 

absorb the deformation energy allowing 800% stretchability while maintaining its high 

conductivity. We have engineered this fundamental scientific advancement into 

geometrically and spatially tunable, readily usable, affordable thermal patch for 

thermotherapy in various locations of human body with perfect conformal attachment to 

irregular skin contour and irregular sizes and shapes of the inflamed area. We also showed 

that the thermal patch can be used as a temperature sensor making it adaptable to the 

inflamed area's condition to adjust the therapy based on the measured temperature of the 
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inflamed area. Web and battery integration make the system autonomous, portable and 

adaptable (precise temperature control with smart phones or mobile gadgets). As another 

application, we have presented, for the first time, a comprehensive analysis of a flexible 

and stretchable copper antenna for far-field communication (up to 80 meters while 

mounted on a stretchable fabric and worn by a human subject), which retains all its essential 

properties such as gain, radiation pattern, directionality, operation frequency and 

bandwidth for up to 30% strain and for 2000 cycles of strain. The antenna communicates 

in the 2.45 GHz Wi-Fi band under any strain condition (up to 30%), thus paving way for 

wearable electronics to communicate data reliably over a long range. Finally, this doctoral 

work, with unprecedented stretchability in naturally rigid Cu metal, opens up exciting 

opportunities in the emerging field of flexible and stretchable electronics and lays down 

the foundation of smart, web-integrated electronic systems with life in them. 
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Chapter 5 Future Outlook and Conclusion 

  

In this doctoral thesis, we have investigated ways of continuing the legacy of Moore’s law 

well into the twenty first century. We have investigated various ways in which the 

exponential progress made in electronics in the past few decades can be carried forward. 

These include the development of a process for and investigation of SiSn as a replacement 

for silicon channel material for CMOS device fabrication; the development of the process 

of vertically integrating and interconnecting thinned silicon pieces to obtain higher 

functionality per area; and the development of the process for obtaining stretchable metallic 

thin films for taking electronics into completely new applications. With continued 

advancement in these and other novel fields of investigation, we hope to integrate 

electronics into every aspect of human experience, thus creating the Internet of Everything 

(IoE). 

 

5.1 Major Achievements 

The main emphasis of this doctoral work has been the development of process flows that 

are low-cost, CMOS compatible and scalable. To this end, some of the major achievements 

of this work are listed as follows: 

 We developed a low-cost diffusion process for Sn atoms in silicon to obtain single 

crystal SiSn. The developed process is simple and highly scalable because it 

employs two of the most reliable tools of the semiconductor industry – physical 
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vapor deposition (PVD) and thermal annealing. The SiSn thus obtained was 

characterized for Sn content, depth of diffusion and lattice integrity using various 

material characterization techniques.  

 We fabricated, for the first time ever, MOS devices using SiSn as the channel 

material. The devices were used to obtain critical insight into the electrical 

performance of the SiSn lattice and the results compared favorably to the theoretical 

predictions obtained from DFT analysis. The band gap of the silicon lattice was 

found to decrease as a result of Sn incorporation. This was experimentally verified 

by fabricating SiSn diodes. The mobility of SiSn devices was found to be higher 

than that of silicon devices by 13.6%. 

 We developed a process for the integration of thinned flexible silicon samples to 

form a 3D IC. We analyzed the reactions involved in the TPER process for 

fabrication of thinned silicon samples and derived a mathematical model, which 

was verified by experimental results. We solved the challenges related to sacrificial 

layer formation and bonding by considering various polymers and finalized PMMA 

for sacrificial layer and SU-8 for polymeric bonding. The silicon layers were 

vertically connected using copper TSVs grown in trenches of the silicon samples 

using electrochemical deposition. We characterized the interconnections across 

multiple layers and found that there was electrical contact all the way through two 

layers of integrated devices. 

 We developed a process for the fabrication of metallic vias through a polymer layer. 

The vias were grown using electrochemical deposition of copper in trenches made 

in the polymer. This facilitated the fabrication of sensor arrays and control 
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electronics on opposite sides of a flexible polymer layer. We characterized 

frequency response of impedance and the response of devices to small DC 

excitation. 

 We developed a process for fabrication of stretchable metallic thin films such that 

there is no stress on the metal thin film during straining. This was achieved by 

patterning the metal thin films into lateral spring structures. We developed a 

mathematical model to optimize the structure of a horse-shoe spring connecting 

two islands to form a continuous planar matrix of interconnected nodes. We were 

able to demonstrate unprecedented 800% stretchability in metallic copper thin 

films. We also analyzed the stretching dynamics of these horseshoe structures by 

analyzing a paper model and developing its mathematical model. 

 We used the process of stretchable metal fabrication to demonstrate electronic 

device applications that cannot be fabricated using other methods. These include a 

stretchable smart thermal patch that maintains its resistivity and thermal properties 

during and after stretching. Because of its flexibility and stretchability, the same 

thermal patch can be used for thermotherapy repeatably on different parts of the 

body. We characterized the thermal patch on consenting human subjects and 

obtained an increase in the surface body temperature with low voltage (2-4 V) 

power supply. We also used the stretchable metal process to fabricate stretchable 

antennas for use in wearable electronics. These antennas, for the first time ever, 

maintain their radiation parameters such as bandwidth, resonant frequency, gain 

etc. during straining. We demonstrated far-field communication capability up to a 
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distance of 80 meters while being worn on human hands and in real world 

environment. 

 

5.2 Future Work 

This doctoral work has mainly focused on the development of scalable process flows for 

the continuation of exponential improvement in electronic systems for the twenty first 

century. Several major achievements have been presented, however, we believe there is 

great prospect for further work in this field. There is a need for thorough investigation of 

diffusion coefficient and activation energy of diffusion for Sn in silicon. Although there 

are some works in literature, the values range widely and further work is needed to verify 

the values. We have presented p-type MOSFETs based on SiSn. To complement this effort, 

development of n-type SiSn MOSFETs is necessary, eventually followed by more complex 

CMOS circuits based on SiSn channel. We have observed a shift in the threshold voltage 

of SiSn devices which indicates the development of trapped charge states at the 

semiconductor-dielectric interface. This needs to be investigated in detail for different 

dielectric films. Further investigation can be done on the optimization of nickel salicidation 

process and metallization process for SiSn. 

We have presented a process for obtaining vertically integrated and interconnected thinned 

silicon samples. This process can be taken forward by demonstrating a vertically stacked 

functioning device with active electronic components. The alignment of these silicon 

samples was manually done for this work. This can be automated in the future for better 

alignment of successive silicon layers. One of the key open challenges in the field of 3D 
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integration, which merits great attention, is the development of heat dissipation 

mechanisms for 3D integrated ICs. Finally, we have developed a process for obtaining 

stretchable metal thin films. These have been demonstrated for certain applications with 

the help of off-the-shelf control electronics. We believe in the future, these can be 

integrated with thinned flexible silicon processors to obtain truly independent flexible 

systems in the future. 
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APPENDIX A 

Arduino code for control of thermal patch using Seeduino Bluetooth shield: 

 

#include <SoftwareSerial.h> //Software Serial Port 

 

#define RxD 6  

#define TxD 7  

#define led 9 

#define DEBUG_ENABLED 1 

 

int brightness = 0; 

int fade = 32; 

 

SoftwareSerial blueToothSerial(RxD, TxD); 

 

void setup() {  

 pinMode(RxD, INPUT);  

 pinMode(TxD, OUTPUT);  

 pinMode(led, OUTPUT); 

 setupBlueToothConnection(); //Used to initialise the Bluetooth shield 

}  

 

void loop() {  

 char recvChar; 

 while (1) { 

 if (blueToothSerial.available()) {//check if there's any data sent from 

the remote bluetooth shield 

 recvChar = blueToothSerial.read(); 

 //analogWrite(led,brightness); 

 if (recvChar=='w') { 

 if (brightness<224) {brightness = brightness + fade;}   

 analogWrite(led,brightness); 

 } 

 

 if (recvChar=='c') { 

 if (brightness>=32) {brightness = brightness - fade;} 

 analogWrite(led,brightness); 

 }}}} 

 

void setupBlueToothConnection() 

{ 

 blueToothSerial.begin(38400); //Set BluetoothBee BaudRate to default baud 

rate 38400 

 blueToothSerial.print("\r\n+STWMOD=0\r\n"); //set the bluetooth work in 

slave mode 

 blueToothSerial.print("\r\n+STNA=SeeedBTSlave\r\n"); //set the bluetooth 

name as "SeeedBTSlave" 

 blueToothSerial.print("\r\n+STOAUT=1\r\n"); // Permit Paired device to 

connect me 

 blueToothSerial.print("\r\n+STAUTO=0\r\n"); // Auto-connection should be 

forbidden here 

 delay(2000); // This delay is required. 

 blueToothSerial.print("\r\n+INQ=1\r\n"); //make the slave bluetooth 

inquirable  

 Serial.println("The slave bluetooth is inquirable!"); 

 delay(2000); // This delay is required. 

 blueToothSerial.flush();} 


