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Abstract 

To extend Moore’s law as far as possible, backend-of-the-line (BEOL) dielectrics, 

both intermetal and interlevel, with low dielectric constants (i.e. low-k) are needed to 

improve the performance of nano-electronic metal-interconnect structures in current and 

future integrated circuit. However, the reliability and yield issues associated with 

integration and implementation of such low-k dielectric materials are more challenging 

than expected. In this work, under the hypothesis that Cu migration into and breakdown of 

the organosilicate-based low-k dielectrics (a-SiOC:H) can be exacerbated by vacuum 

ultraviolet (VUV) irradiation, we characterize the VUV-induced damage to and Cu 

migration into a-SiOC:H low-k thin films. A state-of-the-art dense low-k a-SiOC:H 

dielectric thin film, which has being considered to be the next generation low-k capping 

layer dielectrics, was utilized in this work. 
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Using a synchrotron radiation system as a monochromatic VUV source, VUV-

induced modifications to a-SiOC:H were examined mechanically, electrically and 

chemically. To examine the roles of VUV photons on the Cu migration into and related 

time-dependent breakdown of low-k a-SiOC:H dielectrics, XPS depth profiles were 

measured on both pristine and VUV-exposed dense a-SiOC:H/Cu film stacks under various 

bias-temperature stress (BTS) conditions. We found that Cu migration in VUV-exposed a-

SiOC:H dielectrics depends on the VUV photon energy. A threshold photon energy of 8.3 

eV was found by measuring the Cu migration as a function of photon energy. Above this 

value, VUV irradiation will cause the Cu to be oxidized. In the presence of an electric field, 

Cu ions drift into a-SiOC:H and deteriorate the time-dependent dielectric breakdown 

(TDDB). Finally, a combined band alignment and defect energy-level diagrams are 

presented, so as to illustrate the barrier potential at the Cu/a-SiOC:H interface, alignments 

of the valence and conduction bands in the dielectric and the energy levels of processing-

induced defect states. This allows many reported electrical-leakage mechanisms and 

reliability issues in low-k dielectrics and integrated low-k/Cu interconnects to be 

determined in greater detail. 
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Introduction 

In this work, under the hypothesis that Cu migration into and breakdown of 

organosilicate-based low-k dielectrics (a-SiOC:H) is exacerbated by vacuum-ultraviolet 

(VUV) irradiation, this work will concentrate on the effects of VUV irradiation on Cu 

migration, charge transport and breakdown behaviors in Cu/a-SiOC:H interconnects. 

Traditional Cu/low-k interconnects use metallic barriers (such as Ta, TaN) and dielectric 

capping layers (such as a-SiCxNy:H) to reduce Cu migration into the dielectric,[1],[2] and 

to prevent electrical leakage between adjacent metal lines.[3] While as the aggressive 

shrinking of via and trench sizes continues, the reliability and yield issues associated with 

integration and implementation of such Cu/low-k dielectric interconnects are becoming 

more challenging than expected.[4],[5] This is because (1) continuous technology scaling 

requires thinner and thinner barrier layers, which have to be smaller than 1.0 or even 0.5 

nm,[6] and may eventually make the barrier layers so thin that the Cu lines are in 
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effectivelyu in direct contact with the low-k dielectric;[7] (2) as technology continues to 

downscale, the relative contribution of the capping layer k-value to the interlayer 

capacitance is growing and there is a critical requirement for alternative materials with 

lower dielectric constants, since the currently used capping layer materials (a-SiCxNy:H) 

currently have the highest k-values in conventional Cu interconnect structures.[8] For 

example, SiN has a k-value over 6.0, [9] and SiC and SiCN both have k-values between 

4.0 and 5.0. [10],[11] In either scenario as described above, the low-k dielectric material 

will be in contact with the Cu wires directly.[8],[9] One must therefore fully examine the 

electrical properties of the Cu/low-k interconnect even without the a-SiCxNy:H capping 

layer. 

A state-of-the-art dense nonporous low-k a-SiOC:H dielectric thin film, with a 

density of 1.5 g/cm3 and a k-value of 3.2, will be used to examine the roles of VUV photons 

on the Cu migration into and related time-dependent breakdown of low-k a-SiOC:H 

dielectrics. These dense nonporous low-k a-SiOC:H is considered to be the next generation 

low-k capping layer dielectric in the 7 nm or beyond technology node, to replace the a-

SiCxNy:H capping layer, as shown in the following Figure 1-1. 

 

Figure 1-1 Drawing of the traditional capping layer (a-SiCxNy:H) configuration and the 

low-k capping layer (dense a-SiOC:H) configuration. 
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Since the capping layer dielectric materials have to be in contact with Cu directly, 

it requires that the dense low-k a-SiOC:H thin films have a good resistivity to Cu migration. 

Figure 1-2 shows the concentration of Cu inside of an a-SiOC:H thin film (35% porosity, 

k = 2.2) measured with an XPS depth profile on a film stack of (a) porous a-SiOC:H(100 

nm)/ a-SiCN:H(4 nm)/Cu (b) porous a-SiOC:H(100 nm)/dense a-SiOC:H(4 nm)/Cu after 

annealing at a temperature of 225oC for 24 hours. It shows that the dense a-SiOC:H exhibit 

a similar resistance to Cu migration as does a-SiCN. However, after a long-time 

temperature stress (225oC for 24 hours), Cu can still penetrate through the capping layer 

(either a-SiCN or dense a-SiOC:H) enter into the bulk of the porous low-k a-SiOC:H. As 

a result, it is critical to characterize the behavior of Cu migration into low-k a-SiOC:H thin 

films and determine the effect of VUV photon irradiation on this process. 

 

Figure 1-2 XPS depth profile on film stack of (a) porous a-SiOC:H(100 nm)/ a-SiCN:H(4 

nm)/Cu (b) porous a-SiOC:H(100 nm)/dense a-SiOC:H(4 nm)/Cu after annealing at a 

temperature of 225oC for 24 hours. The porous low-k a-SiOC:H thin film has a k value of 

2.2 and a porosity of 35%. 
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To make it clear, it would benefit to mention that Cu migration should include both 

diffusion of Cu atoms, which originates from density gradients, and drift of Cu ions, which, 

because of the electro-positivity of Cu ions, will take place in the presence of an electric 

field. 

1.1 Low-k Dielectric Materials 

Over the past few decades, performance of microelectronic integrated circuits 

(ICs), for the most part, has been improved by increasing transistor speed, reducing 

transistor size, and packing more transistors onto a single chip. While the feature size of 

ICs has decreased into the nanometer range, the limiting factor has now shifted from the 

traditional front-end attributes of gate length and gate thickness, to back-end interconnect 

properties such as the conductivity of the metal lines, parasitic capacitances of the back-

end interlayer dielectrics (ILD), and the compatibility of these materials. 

Increased resistance-capacitance (RC) delay, brought about by continuous 

transistor dimensional scaling, can severely limit the operating speed and overall 

performance of the integrated system. As can be observed in Figure 1-3, when the device 

feature size scales down to 250 nm, the interconnect delay is comparable to the gate delay 

and contributes increasingly larger portions of the total signal propagation delay between 

devices. As such, over the past decade, the primary focus for improving the performance 

of nanoelectronic metal-interconnect structures has been via the utilization of insulating 

dielectrics with low values of the dielectric constant (i.e. low-k) and metal lines with high 

conductivity, such as Cu, to reduce the impact of RC delays.[12],[13] 
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Figure 1-3 Comparison of the signal-propagation delay from device interconnects with the 

transistor gate delay.[14] 

To reduce the k-value, two approaches are currently used: (1) reducing the 

polarizability of the dielectric by increasing the level of low-electronic-polar bonds, 

mainly carbon-containing components (like C-C, C-H, Si-CH3, etc.); (2) reducing the 

material density by increasing the free volume (the volume between molecules,) through 

rearranging the material structure or introducing porosity. [15] The two methods can be 

combined to achieve even lower k values. Typical low-k dielectrics that are being 

currently investigated have k-values ranging from 2.0 to 2.5 (with a continuous push to 

decrease it), a porosity of 30%-50%, and a pore size of 2-3nm. [13],[16] There are also 

different types of low-k matrix [16] materials, such as organic polymers, organosilicate 

glass (OSG) and methylsilsesquioxane (MSQ).[4] Here, a matrix refers to the precursors 

used for the deposition of low-k thin films. 
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To reduce the resistance of the interconnect wires, the primary conductor material 

was changed from Al to Cu (36% decrease in resistivity). However, this requires that the  

damascene process[17] becomes the dominant interconnect-fabrication process, since Cu 

cannot be patterned by the previous techniques of photoresist masking and plasma etching 

that had been used with great success with Al.[17] Figure 1-4 shows the cross-section of 

the 64-bit high-performance microprocessor built with IBM's 90 nm Server-Class CMOS 

technology with Cu/low-k interconnects. As can be seen, the metallization schemes involve 

a large number of metal/dielectric layers. The first dielectric level, encapsulating the active 

area, is doped SiO2 glass with metal-filled (e.g., tungsten) contacts to the transistors 

(source, drain, and gates). All subsequent dielectric layers consist of low-k material, such 

as organosilicate glass. Trenches (for intralevel interconnects) and vias (for interlevel 

interconnects) are formed within these layers through plasma etching, and are filled in 

subsequent steps with Cu and planarized with the damascene process, i.e., Chemical 

Mechanical Polishing (CMP). The resulting structure is a planar surface on which the next 

level is built in a similar way. 
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Figure 1-4 Cross-section of 64-bit high-performance microprocessor chip built with IBM's 

90-nm Server-Class CMOS technology with Cu/low-interconnect (Figure located at the 

URL https://www-03.ibm.com/press/us/en/photo/19014.wss) 

The dual-damascene scheme,[4],[17] in which trenches and vias are formed before 

the Cu-fill step, is the latest evolution of Cu-interconnect implementation. There are 

several ways to create a dual-damascene structure with and without an intermediate etch 

layer that provides an etch-stop for the trench etching, i.e., the “Trench first, via last” 

approach and “Via first, trench last” approach. 

In the “trench first, via last” approach, as shown in Figure 1-5, a trench etch-stop 

layer is used. After deposition of the low-k dielectric, trenches are patterned first by 

standard lithographic techniques and then etched with plasma to a finite depth into the 

dielectric. Anti-reflective coatings (ARC) and capping layers (which could be either SiO2 

or SiNx) are usually used in the dual-damascene structure.[3],[18] The ARC layer can 

serve in a dual role as an antireflective layer as well as a pattern-transfer layer. After resist 

removal, another lithographic step defines a via, and the etch process continues all the 
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way to form a contact to the metal level below. A capping layer on top of the metal below 

is then etched in a low-bias process to reduce sidewall formation.[17] 

 
(a)                           (b)                           (c)                            (d) 

Figure 1-5 “Trench first, via last” dual damascene process flow: (a) Trench patterning 

(Litho); (b) Trench etching, stopped on an etch-stop layer; (c) Via patterning; (d) Via 

etching, resist stripping and barrier etching.[17] 

The “via first, trench last” approach, which is shown in Figure 1-6, has evolved 

with time and has been the preferred implementation of dual-damascene structures since 

no trench etch-stop layer is present within the low-k dielectric. In this approach, the via is 

etched to completion, resist is stripped, followed by lithographic and etch steps to form 

the trench. A planarizing layer, capping layer and ARC are also shown. The role of the 

planarizing layer is to smooth the topography and, combined with the capping layer, it 

enables the use of a thin imaging layer. The pattern is first transferred to the capping layer 

followed by a pattern transfer to the planarizing layer. The etch chemistry for the latter 

step is either O2 or CO2 based; the latter gives a more anisotropic profile than the former. 

[4],[17] 
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(a)                           (b)                           (c) 

 
(d)                           (e)                           (f) 

Figure 1-6 “Via first, trench last” dual damascene process flow: (a) Via patterning (Litho); 

(b) Via etching and resist stripping; (c) Trench patterning; (d) Trench etching; (e) 

Planarizing layer removal and resist stripping; (f) Barrier etching.[17] 

In the early implementations of low-k dielectric materials, they were mainly 

considered as interlayer dielectrics to replace the traditional SiO2. As continuous down-

scaling of devices proceeded, additional low-k dielectrics became needed to serve as either 

a diffusion barrier, a Cu capping layer, or an etch-stop and/or polish-stop layer, depending 

on the details of the interconnect fabrication scheme. This section will introduce them 

briefly, including their functionality, requirements and progression. 

1.1.1  Low-k Interlayer Dielectrics 

Low-k interlayer dielectrics (ILD) serve the basic purpose of establishing a 

medium in which metal lines can be inlaid and remain electrically isolated from each 

other, as shown in Figure 1-7. The low-k ILD also provides some mechanical support to 
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metal lines during downstream processing of multiple metal layers and packaging. This 

requires the low-k dielectrics (1) to be electrical insulators that exhibit both extremely low 

leakage currents and high dielectric-breakdown strength, and (2) to provide reinforcing 

mechanical support for the various metal layers and to help distribute thermal and shear 

stresses produced during downstream processing and packaging. 

 

Figure 1-7 Schematic diagram illustrating the different functionalities of a low-k ILD in a 

low-k/Cu interconnect. 

Currently porous organosilicate-based dielectric thin films (a-SiOC:H) deposited 

with plasma-enhanced chemical-vapor deposition (PECVD) techniques were the 

dominant choice for low-k ILD (k > 2.2) in the past decade and are also potential 

candidates for ultralow-k ILD (k < 2.2) applications in the future. Figure 1-8 shows the 

general processes to deposit porous SiOC:H thin films. During the deposition, sacrificial 

organic polymers (porogens), such as tetramethyl-cyclotetrasiloxane (TMCTS) [4], are 

co-deposited with matrix materials, such as a silica-like matrix [4]. The sacrificial 

porogens are used to create porous structure inside of the material. 

During the curing step, most of this organic material is thermally decomposed, 

whereby the original occupied sites are converted into microporus/nanoporous sites. The 

k-value and quality of the low-k film highly depends on the matrix, the porogen deposition 
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and the curing conditions.[4] Different matrix and porogen compositions can result in 

various new types of network structures in the final film.[19],[20] 

 

Figure 1-8 Deposition of porous low-k SiOC:H thin films and its chemical structure.[21] 

Compared with SiO2, whose leakage currents are typically <10−8 A/cm2 (up to 6-

8 MV/cm) [22] and breakdown strengths of > 10 MV/cm,[23] low-k a-SiOC:H (k > 2.2) 

materials, with a breakdown strength of 3-5 MV/cm,[4] are fairly weak dielectrics. In 

addition, relative to SiO2, which exhibits a reasonably robust Young’s modulus (60-80 

GPa)[24] and fracture toughness values (0.6-0.8 MPa√𝑚)[25] respectively, a-SiOC:H 

exhibits substantially reduced values for Young’s modulus (3-10 GPa)[24],[26] and 

fracture toughness (< 0.2 MPa√𝑚).[27] Unfortunately, the reduction in the electrical and 

mechanical properties scales with a continuous decrease in the k-value, and is one of the 

contributing factors for why low-k ILD materials with increasingly lower values of k have 

been so challenging to integrate. 

Figure 1-9 shows the progression of ILD k-values reported in the International 

Technology Roadmap for Semiconductors (ITRS). To keep an annual 20% improvement 

of these devices, the k-value of the ILDs has to be 1.65 or even smaller by the end of 2025. 
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Because of the introduction of high porosity to achieve lower k-values, these low-k 

dielectrics normally possess poor mechanical properties as compared with SiO2, which 

results in great difficulties in being able to maintain their integrity during chemical-

mechanical polishing (CMP) and consequently results in adhesion failure, fractures, 

cracks or peeling.[4] Additionally, the increased surface area from the pore structure also 

renders the material vulnerable to moisture uptake [5],[28],[29] and Cu diffusion, [30] 

both of which increase leakage currents, leading to electrical instabilities and accelerated 

dielectric breakdown. Hence, there is a need to devise strategies to inhibit chemical and 

mechanical instabilities of low-k ILDs that are often produced by the introduction of 

porosity and carbon doping. 

 

Figure 1-9 Progression of ILD k-values from International Technology Roadmap for 

Semiconductors (ITRS) 2013. 
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1.1.2  Low-k Capping Layer Dielectrics 

Due to the fairly reduced properties of low-k ILDs, capping layer are usually 

needed in the dual-damascene process (1) to prevent in-diffusion of moisture and other 

aqueous cleaning chemicals that will cause corrosion of Cu wires and ILD layers 

underneath;[31],[32] (2) to prevent Cu out-diffusion into overlying metal layers;[33] (3) 

to passivate the top surface of the Cu lines to enhance the electromigration (EM) 

resistance;[34] (4) to improve the interlayer adhesions, etc.[35] Figure 1-10 illustrates the 

functionality of a capping layer in a low-k/ Cu interconnect schematically.[9] In early 

implementations, due to differences in dry-etch selectivity and other considerations like 

low leakage current, robust mechanical properties, a-SiO2, a-SiN, and a-SiCxNy:H related 

complements were the primary choice as the capping layer in Cu interconnect 

structures.[9],[36],[10],[11] 

 

Figure 1-10 Schematic diagram illustrating the location and functionality of a capping 

layer in a low-k/ Cu interconnect. 

The capping layers typically have the highest k-values in conventional Cu 

interconnect structures. For a-SiCxNy:H related materials, their k-values are all larger than 
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that of PECVD SiO2 (k = 4.0–4.4). For example, PECVD SiN:H has a k-value over 

6.0,[9],[36] and SiC and SiCN both have k-values larger than 4.5,[10],[11] as listed in 

Table 1-1. As technology continues to downscale, the relative contribution of the capping 

layer k-value to the interlayer capacitance is growing, and a requirement for alternative 

low-k materials as a capping layer becomes even more critical. Recently, dense low-k a-

SiOC:H (~2.0 g/cm3) dielectric materials have attracted much attention because of their 

significantly reduced k-values relative to conventional a-SiCxNy:H dielectric materials 

[37] and as a result, are the main subject of this work. 

Table 1-1 Comparison of dielectric constant of a-SiCxNy:H related materials with ILDs. 

Type Materials Dielectric Constant 

Interlayer Dielectrics PECVD a-SiO2 4.0 ~ 4.4 

 PECVD a-SiOC:H < 3.2 

Capping Layer Dielectrics PECVD SiN:H 6.5 ~ 7.0 

 PECVD SiC:H 4.5 ~ 7.0 

 PECVD SiCN:H 4.5 ~ 5.8 

 PECVD dense s-SiOC:H 3.2 

 

As depicted in Figure 1-10, these low-k capping layers will contact the Cu wires 

directly in the dual-damascene structures. As a result, it is critical to determine the 

interactions at the low-k capping-layer dielectric and Cu line interface.  Examples of these 

are line-to-line leakages, Cu transport, yield degradation, and other reliability related 

issues. 

1.1.3  Low-k Etch-stop Dielectrics 

In the dual-damascene process, the trench/via structure is patterned by etching the 

shape of the structure in the underlying ILD materials. Since the trench and via usually 

have different shapes and dimensions, they cannot be opened up simultaneously so via-
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trench alignment is absolutely critical. Therefore, there is a need for an etch-stop layer to 

prevent over-etching, especially for the “trench first, via last” scheme as described 

above.[17] Thus, an etch-stop layer is embedded in low-k ILDs. Via patterning is carried 

out in the embedded etch-stop layer after the first half of the ILD is laid down with the 

trench pattern, as illustrated in Figure 1-5. In addition, an etch-stop layer is used between 

different metal layers, stopping the trench or via ILD etch to prevent over-etching into the 

underlying metal layer,[38] as illustrated in Figure 1-11. In order for a material to be used 

as an etch stop for trench or via patterning of an SiO2 or low-k a-SiOC:H ILDs, the 

material must exhibit some resistance to typical fluorinated plasma etches utilized to 

transfer optical lithographically defined photoresist patterns into the ILDs.[39] 

 

 

Figure 1-11 Schematic diagram illustrating functionality of a low-k etch-stop layer in a 

low-k/ Cu interconnect for stopping via etching over contacts. 

Similarly to the capping layer, as device scaling continues, there is also a need for 

alternative materials with low dielectric constants to replace the traditional silicon nitride 

etch-stop layers. Low-k dense a-SiC:H etch stop materials,[9] as shown in Figure 1-12, 
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have been reported to exhibit high etch selectivities (2–10) relative to SiO2,[17],[40] 

making them be potential candidates for the low-k etch-stop layer. 

 

Figure 1-12 Schematic diagrams illustrating the dense structure in a low-k a-SiC:H.[9] 

 

1.2 Cu Metallization 

Cu metallization for interconnects has advantages of low resistivity and ease of 

deposition using existing process methods that can offer improvements to device 

performance. However, this also presents numerous integration and reliability challenges, 

like poor adhesion and high diffusivity along with the creation of deep levels in the silicon 

band gap. Compared with Al, Cu readily diffuses into silicon and most dielectrics. This 

progress can also be greatly enhanced by electric fields imposed between adjacent leads 

during device operation (10 V/cm). While the transport of Cu, including atomic diffusion 

and ion injection in porous low-k dielectrics is a complicated process, it is generally 

accepted that the main driving forces for Cu atomic diffusion and ion injection are the Cu 

concentration gradient and internal electric fields. Both chemical interactions and surface 
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passivation contribute to increased Cu-migration rates.[41]. Cu atomic diffusion, 

produced by the density gradients, is dominant when no Cu oxidation takes place and the 

temperature is higher than room temperature. If the Cu layer is oxidized, drifts of Cu ions, 

in the presence of external electric field, will dominate.[42] 

Since the Cu ions are electropositive rather than electroneutral, drifts of Cu ions 

into the dielectric materials can cause charge accumulation in the bulk of dielectric and 

cause more serious reliability challenges than diffusion of Cu atoms alone. This will also 

be discussed in detail later in this Chapter. As such, in the initial inlay of Cu wires into 

dielectric trenches or vias during the damascene process, the Cu leads must be 

encapsulated with metallic (such as Ta, TaN) and dielectric (such as SiN, SiC, SiCN) 

diffusion barriers to prevent Cu transport between adjacent metal leads and also to prevent 

any in-diffusion of oxidizing material, such as H2O, O2. 

However, it is increasingly more challenging to contain Cu within lines by 

implanting Cu seeds into the trenches/vias etched on low-k dielectrics, since the continual 

downscaling of interconnect dimensions results in significant shrinking of via and trench 

size, and require thinner and thinner barrier layers. More details about the requirement of 

the barrier dimensions can be found the International Technology Roadmap for 

Semiconductors (ITRS) 2013 [6]  guidelines as summarized in Table 1-2. As can be seen, 

in the next decade, the thickness of the barrier layer needs to be made smaller than 1.0 nm 

or even 0.5 nm for continuous performance improvement and downscaling of device 

dimensions. 
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Table 1-2 ITRS 2013 guidelines for Cu diffusion-barrier thickness in advanced 

interconnects.[6] 

Year 2010 2011 2012 2013 2014 2015 2016 2017 

Barrier 

Thickness 

(nm) 

3.3 2.9 2.6 2.4 2.1 1.9 1.7 1.5 

Year 2018 2019 2020 2021 2022 2023 2024 2030 

Barrier 

Thickness 

(nm) 

1.3 1.2 1.1 1.0 0.9 0.8 0.7  <0.5 

 Manufacturable solutions exist, and are being optimized 

 Manufacturable solutions are known 

 Manufacturable solutions are NOT known 

 

Continuous technology scaling may eventually eliminate barrier layers entirely and 

expose Cu lines directly to low-k dielectrics.[7] As a result, Cu-diffusion-induced 

instabilities have generated extensive interest in determining the mechanisms of Cu 

diffusion into the low-k ILDs. The other driving force that requires characterization of Cu 

migration into low-k dielectrics is the need for low-k capping and/or etch stop layers as 

discussed above. Thus, the properties of the Cu/low-k dielectric interface are of 

considerable interest and have become a focus of study.[42],[8],[43] 

Figure 1-13 illustrates one of many proposed mechanisms for electrical leakages 

in an advanced Cu/low-k interconnect structure.[44] According to this proposed 

mechanism, the presence of defect states below the conduction band results in low-energy 

pathways for electrons to move inside the dielectric. As shown, these conduction pathways 

enable Poole-Frenkel conduction, which can be thought of as electrons “hopping” between 

defect states.[45] With an applied electric field, Cu ions can drift into the low-k dielectrics. 
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These Cu ions provide additional low-energy conduction pathways for electrons. 

Furthermore, over an extended time frame, the drift process results in Cu ions building up 

at the a-SiOC:H/Cu interface.[44]) The presence of this net positive charge near the 

interface results in a bending of the conduction band in the bulk of the dielectric.[46] 

Electrons are then able to tunnel through the interfacial energy barrier by Fowler-Nordheim 

tunneling.[44] 

 

Figure 1-13 Leakage-current mechanisms produced by Cu migration into dielectrics.[44] 

During the IC fabrication process, there are several plasma-processing steps 

required for successful integration of low-k materials. These include: (1) initial deposition 

(in the case of PECVD dielectrics), (2) hard-mask deposition, (3) etching vias and/or 

trenches, (4) removal (stripping) of photoresist, (5) deposition of diffusion barriers, and 

(6) chemical-mechanical polishing (CMP). As is well known, a plasma is an aggressive 
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medium with the presence of photons (from deep VUV to infrared), energetic ions, 

electrons, and highly reactive radicals. Due to the low density and porous structure of the 

low-k materials, the reactivity and penetration depth of reactive species from a plasma 

will be significantly increased,[47] which will consequently affect the behaviors of Cu 

migration into the materials.[48] The reliability and yield issues associated with 

integration of these materials with dual-damascene Cu lines is more challenging than 

expected.[49]  

Currently, various points of view exist in the literature regarding the reliability of 

Cu/low-k dielectric interconnects. In addition, work has seldom been carried out to 

determine the influence of VUV irradiation on Cu-migration properties into low-k 

dielectrics.[45,49] To accomplish this goal, it is necessary to carry out systematic 

experiments that compare Cu-migration properties into dielectrics using the same set of 

measurement data before and after plasma processing. In addition, to predict reliability 

limits of the advanced Cu/low-k interconnects at operational conditions, leakage-current 

mechanisms and time-dependent dielectric breakdown (TDDB) modes have to be 

identified by considering the drift of Cu+ ions inside the dielectric.[49] 

 

1.3 Goal of the work 

The goal of this work is to investigate damage to and Cu migration into low-k 

organosilicate (a-SiOC:H) dielectrics from vacuum-ultraviolet irradiation during plasma 

processing. We hypothesize that for advanced Cu/low-k dielectric interconnects, Cu 
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migration into and breakdown of low-k dielectrics can be exacerbated by VUV irradiation. 

To verify this hypothesis, we need to answer the following questions: 

(1) What kinds of damage can VUV cause to low-k a-SiOC:H dielectrics, how 

does it happen and what are the differences between pure VUV-photon induced damage 

and plasma-induced damage? 

(2) How do VUV photons affect Cu migration into low-k dielectrics in Cu/a-

SiOC:H interconnects and is this effect energy-dependent?  

(3) What are the effects of VUV irradiation on extrinsic (including the effect of 

Cu migration) TDDB of a-SiOC:H?  

(4) How to avoid or minimize degradation of Cu/low-k dielectric interconnects 

from VUV photons? 

To verify this hypothesis, we first systemically examine VUV-irradiation-induced 

modifications, (mechanical, electrical and chemical) to low-k dielectrics, and compare 

these modifications to those produced from exposure to an electron-cyclotron-resonance 

(ECR) argon plasma. Then we investigate how these modifications affect the transport 

properties of Cu into the low-k dielectrics under various bias-temperature stresses (BTS). 

Next, the characteristics of TDDB of VUV-exposed Cu/low-k a-SiOC:H dielectric stacks 

involving Cu migration were investigated to determine the effects of VUV irradiation on 

the device lifetime. 

To determine the electrical leakage paths and breakdown mechanisms of Cu/low-

k dielectric interconnects, the barrier height at the Cu/low-k dielectric interface and the 

location of the valence-band edge of low-k a-SiOC:H dielectrics was measured. Defect-



22 

 

 

 

induced band offsets at the Cu/low-k interface will also be investigated to further examine 

the leakage current and breakdown mechanisms. Based on these results, a band diagram 

for low-k/Cu interconnects can be developed so as to explain and predict the observed 

reliability issues reported for low-k/Cu interconnects. Finally, based on this work, we 

discuss alternative solutions for mitigation of the damage. 

The key merits of this work for future applications are: 1) A threshold energy has 

been found to exist for VUV photon caused degradations of Cu/low-k dielectric 

interconnects, which correspond to the dissociation energy of Si-O chemical bonds (8.3 

eV). This is important because it means one can avoid VUV-induced damage by choosing 

etch gases which do not emit photons with energies higher than 8.3 eV. For example, a 

recent work measuring the VUV emission of a CF3I (Trifluoroiodomethane) plasma shows 

that very few VUV photons with energies larger than 8.3 eV were emitted.[50] This might 

be a promising etchant for low-k a-SiOC:H from the point of view of mitigating VUV-

induced damage; 2) This work provides guidance for developing new precursors and/or 

manufacturing methods for novel low-k dielectrics to achieve even lower k-values without 

losing mechanical/electrical strength. For example, it is possible to increase the degree of 

cross-linking inside the low-k dielectrics to increase the material mechanical strength. 

 

1.4 Outline of Thesis 

Based on the introduction and proposed work as described above, this thesis is 

organized as follows: 
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Chapter II provides background information for this research work. It includes 

previous work on plasma-processing-induced reliability issues of low-k dielectric thin 

films, VUV photon irradiation during processing plasmas, breakdown mechanisms of 

Cu/low-k interconnects and the TDDB models to predict the failure taking place in the 

Cu/low-k dielectric interconnects. Plasma-caused damage to Cu/low-k interconnects are 

summarized from three aspects: chemical, mechanical and electrical. Then, VUV emission 

spectra from an oxide-etch plasma are introduced, to compare with the synchrotron 

radiation used in this work, giving an estimation of the photon energy and flux of VUV-

irradiation during plasma processing of low-k dielectrics. At the end of this Chapter, a 

number of existing failure models for Cu/low-k dielectrics are reviewed and compared, 

which will help one to realize the limitations of previous results and the necessity of this 

work. Some of the reported models are even contradictory.[51],[49]  

Chapter III describes the experimental apparatus and characterization methods that 

have been utilized in this this research. Two exposure systems, (1) synchrotron radiation and 

(2) electron-cyclotron resonance (ECR) plasma, are introduced. Some VUV exposures were 

obtained at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan with the 

help of other lab members (Dongfei Pei and Weiyi Li) due the limited travel funds available. 

Diagnostic techniques used to characterize low-k a-SiOC:H thin films before, during and after 

VUV photon irradiation are discussed. A methodology to evaluate Cu migration and migration-

induced degradation is introduced in detail. 

Chapter IV presents a systematic study of the damage to various low-k a-SiOC:H 

dielectrics from VUV irradiation using a synchrotron as a VUV-photon source. The effects 

of VUV irradiation on the mechanical properties, such as hardness, elastic modulus and 
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crack threshold, will be investigated with nanoindentation. Mechanisms of VUV-induced 

modification are proposed, based on Fourier transform infrared spectroscopy (FTIR) and X-

ray photoelectron spectroscopy (XPS) measurements. The effects of VUV irradiation on 

the electrical properties, such as leakage current, breakdown voltage and k-values, are 

evaluated with I-V and C-V measurements. By comparing the synchrotron VUV-exposed 

samples to the ECR Ar-plasma exposed samples, we will show the damage mechanisms 

for both energetic ions and VUV photons coming from the plasma. 

In Chapter V, the effects of VUV irradiation on Cu migration into low-k dielectrics 

and time-dependent breakdown of Cu/low-k interconnects involved Cu migration are 

investigated. By employing XPS depth-profile measurements, the diffusivity of Cu into as-

deposited and VUV-irradiated low-k a-SiOC:H dielectrics will be evaluated under different 

temperature and bias conditions. As described in the beginning of this chapter, Cu 

migration includes both diffusion of Cu atoms, which originates from density gradients, 

and drift of Cu ions, which is because of the electro-positivity of Cu ions and will take 

place in the presence of an electric field. 

The energy-dependent exacerbation of Cu migration from VUV can be determined 

by examining the migration rate as a function of photon energy. Mechanisms for energy-

dependent Cu migration are proposed and discussed. At the end of this Chapter, extrinsic 

TDDB (by taking into account of Cu migration) of a-SiOC:H and the effect of VUV 

irradiation on them are measured. Constant-voltage time-to-failure (TTF) measurements 

are performed on (i) a-SiOC:H (ii) a-SiOC:H/Cu and (iii) VUV exposed a-SiOC:H/Cu 

stacks. Weibull statistics are used to determine the characteristic lifetime (63.2 % TTF) and 
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shape factor (defined as the slope of the breakdown probability plot using the Weibull 

scale) of each type of sample as a function of electric stress over repeated measurements. 

Chapter VI depicts a band diagram for low-k/Cu interconnects which is used to 

explain and predict some of the observed reliability issues as shown in previous chapters. 

The Schottky barrier at the low-k/Cu interface is measured using VUV photoemission 

spectroscopy. The surface bandgap and valence-band edge for various porous and non-

porous low-k a-SiOC:H dielectrics are then determined from core-level and valence XPS, 

respectively. Combined with electron paramagnetic resonance (EPR) results measured on 

exposed a-SiOC:H dielectrics, a band diagram for low-k/Cu interconnects, including all 

possible defect states within the band, is developed. 

Chapter VII summarizes the significant findings of this work, discusses several 

alternative solutions that can be used to mitigate the VUV-induced damage to the low-k 

dielectrics and provides some directions for possible future research. 
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Chapter II 

 

 

 

Background 

 

This Chapter examines previous work on plasma processing-induced damage to 

Cu/low-k interconnects and the present understanding of Cu/low-k interconnect failure, 

including time-dependent dielectric breakdown (TDDB) lifetime degradation. The first 

section reviews existing work on all types of plasma-induced damage to low-k a-SiOC:H 

dielectric materials. The second section provides background information on VUV-photon 

spectra from processing plasmas and the estimated photon flux, showing VUV irradiation 

during plasma processing can be another important damage source in addition to energetic 

ions and reactive radicals. The third section discuss the likely dominant mechanisms for 

increased electrical conduction and shortened time-zero dielectric breakdown (TZDB) 

times.in low-k a-SiOC:H dielectrics. Lastly, an overview of the TDDB models of Cu/low-
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k interconnects is provided based on the latest studies. Limitations of current work are 

examined to show the need for and importance of additional research in this area.  

2.1 Plasma-Induced Damage to Cu/Low-k Interconnects 

During the IC fabrication process, successful integration of Cu/low-k interconnects, 

either using a-SiCxNy:H dielectric as a capping layer or using a dense low-k dielectric as a 

capping layer as in this work requires several plasma-processing steps. These include layer 

deposition, comprising both interlayer dielectric and capping-layer dielectric layers, 

plasma-enhanced chemical vapor deposition (PECVD), etching of trenches and vias, 

photoresist ashing/stripping and surface polishing. [1] As is well known, plasmas are an 

aggressive medium because of the presence of photons (from deep VUV to infrared), 

energetic ions, electrons, and highly reactive radicals.[2],[3] Plasma-induced damage 

(PID) has been widely observed in low-k a-SiOC:H dielectric materials.[4],[5],[6],[7] The 

reliability and yield issues associated with integration of these materials with Cu wires have 

been discovered to be more challenging than expected.[8],[9],[10] A brief summary of PID 

will be presented below from three aspects: (1) chemical damage, (2) mechanical damage 

and (3) electrical damage. 

2.1.1. Chemical Damage 

For low-k organosilicates, a decrease in k-value is generally achieved by replacing 

some Si-O bonds with less polarizable Si-C bonds, and by increasing the overall porosity 

of the material.[11] However, this results in a greater susceptibility of the low-k dielectric 

material to both chemical attack and chemical deformation, such as composition change, 
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chemical-bond breaking and structural rearrangement. Many studies show that while 

exposed to plasma, the synergy between radicals, photons and ions has led to significant 

damage to chemical bonds and structures of low-k a-SiOC:H thin films.[4],[12],[13] 

2.1.1.1. Carbon Depletion 

Carbon depletion, also known as carbon loss or demethylation, has been a common 

feature of plasma-induced damage to a-SiOC:H materials. Compared with Si-O bonds, Si-

C bonds are chemically weaker.[14] Reported carbon depletion in a-SiOC:H is a complex 

phenomenon involving both physical and chemical effects. The former arises from ion 

bombardment, where energetic ions break -Si-CH3 bonds on the top surface of a-SiOC:H 

thin film. The latter involves chemical reactions between the plasma and low-k 

constituents, some of which can be induced by plasma radiation (photochemistry) or free 

radicals. These reactions can follow a diffusion-controlled mechanism and result in a thick 

damaged layer.[2] 

For example, oxygen plasma, used to remove photoresist, can result in the depletion 

of carbon as evidenced by decreases in -Si-CH3 intensity, as shown in Figure 2-1. Goldman 

et al. [15] have shown that in a-SiOC:H thin films, carbon depletion from O2 plasma is not 

limited to the top surface. Damage can happen inside of the material since the damage here 

is dominated by the diffusion of O radicals. The thickness of the carbon-depletion layer, 

that can be up to 100 nm into low-k a-SiOC:H thin films, has been reported by several 

researchers.[16],[17] It should be noted that no capping layer was used in these studies, 

because most of the previous work focused on the studies of low-k dielectrics themselves.  
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Figure 2-1 FTIR spectra of porous low-k a-SiOC:H film (k=2.54) as a function of O2 

plasma treatment. (a) Absorbance of 4000 - 500 cm−1 region and (b) expansion of Si-CH3 

stretch mode showing a monotonic decrease in intensity.[15] 

For the -Si-CH3 bonds, once some methyl groups are removed, some of the Si sites 

will exist as dangling bonds, if those sites were not already occupied by oxygen during the 

etching or ashing process.[2],[15] Upon subsequent exposure to air, these dangling bonds 

can react with moisture to form silanol groups (-Si-OH) at free Si sites.[5] The silanol 

group is known to increase the dielectric constant of low-k a-SiOC:H material.[2] It is also 

known that such a damaged low-k dielectric material is vulnerable to chemical attack 

during exposure to chemical cleanups, which results in significant critical-dimension loss 

of low-k a-SiOC:H insulating structures.[18] Similar effects may occur in other low-k 

dielectric materials with silicon-hydrocarbon bonds that are converted to silanol when 

exposed to oxidizing or reducing plasmas.[16],[19] 
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2.1.1.2. Defect generation 

For low-k a-SiOC:H materials, it has been shown that electrical traps and defects 

can be created by downstream porogen removal and plasma-etching processes that expose 

the low-k material to intense UV/VUV radiation, energetic ions, and chemically active 

radicals.[20],[21],[22] It is not clear which one is the dominant process currently based on 

the published papers. The damage always varies with plasma conditions and material 

compositions. To make this clear, this work will focus on the VUV-induced modifications 

to the low-k dielectric materials by using synchrotron as the VUV photon source. Defects 

generated by active radicals will not be discussed here because it is out of the range of this 

work. 

Plasma processes can break the chemical bonds of low-k a-SiOC:H and create large 

numbers of dangling bonds within the material. Using electron-spin resonance (ESR) 

spectroscopy, Afanas’ev et al. [23] addressed the atomic nature of the defects generated by 

ion bombardment in various a-SiOC:H (k=2.0-2.5) films, revealing the generation of Si-

vacancy-related EX-centers and C dangling bonds in Si-C bonded clusters as the dominant 

pattern of defects in low-k organosilicates. Ren et al. [21] studied the defects generated 

from various plasma exposures (N2, O2 and air plasma), in which a paramagnetic defect 

state with a g-factor of 2.0033 was universally detected after plasma exposure, as shown 

in Figure 2-2, and the defect concentrations were estimated to be at the level of 1013 to 

1014 cm−2.[21],[24] Because both bulk defects and interface defects exist in low-k a-

SiOC:H films, and also because the distribution of defects is not uniform in the bulk, the 

defect concentration is usually expressed in units of cm-2, rather cm-3.[21] 
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Figure 2-2 ESR signals for a-SiOC:H (k=2.65) with various plasma treatments.[21] 

The bulk intra-gap traps or other defect states can significantly affect electron 

transport across low-k dielectric thin films. Numerous electrically based measurements 

have shown a direct correlation between trap/defect state concentration, leakage currents, 

breakdown voltages, and TDDB failures of low-k materials.[25],[26],[27] 

2.1.1.3. Surface densification and roughening 

During the etching process, in order to increase the etch rate and to have a better 

control of the etch profile (isotropic), an RF bias is usually coupled to the electrode to 

increase the ion energy, up to hundreds of electron-volts.[1] For porous low-k a-SiOC:H 

films, the physical bombardment from the ions causes densification of the a-SiOC:H 

surface to form a SiO2-like layer on the top surface, which is related to the modification of 

pore density and pore interconnection in the top surface.[28] This effect gets even worse 

for high molecular-weight plasmas. It was reported that after Ar plasma exposure with a -

100 V RF bias showed a 4.4% reduction in porosity of the low-k material compared with 
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the porosity after O2 plasma exposure.[28] X-ray reflectivity data from Shi et al. [29] 

showed that the densified layer was up to 30 nm underneath the film surface. The densified 

SiO2-like layer was reported to block in-diffusion of moisture, while at the same time, it 

can also block etch-gas radicals from diffusing inside the porous low-k dielectric, resulting 

in a change in the etch rate.[29] 

Roughening of the sidewalls and the bottom of low-k trenches, due to collapse of 

pores or newly formed chemicals at the surface, has also been reported.[30] This induces 

severe electrical and reliability issues such as (1) a non-conformal barrier deposition that 

induces Cu diffusion; (2) a change in barrier and the Cu microstructure which can increase 

the Cu resistivity; (3) a variation in the critical dimension along the Cu lines which can 

induce both a change in interline capacity and Cu-line resistivity.[31],[32] 

2.1.1.4. Hydrophilicity 

Hydrophilicity is another common feature of plasma-induced damage to low-k a-

SiOC:H dielectric materials.[5], [33],[34] The -Si-CH3 groups in a-SiOC:H are originally 

hydrophobic. Once exposed to plasma, especially for photoresist stripping and cleaning 

using an oxygen plasma, the methyl terminals (-CH3) are removed, as detailed previously, 

and result in the formation of hydrophilic -Si-OH groups.[5] These hydrophilic groups 

enable significant amounts of moisture to be absorbed from the ambient following 

diffusion into the bulk of a-SiOC:H through interconnected pores. As illustrated in Figure 

2-3, FTIR spectra of low-k films after Ar, O2, N2, H2 and N2/H2 plasma exposure, measured 

by Bao et al.[28], show an increase of the -Si-OH and H2O peaks between 3200 and 3600 

cm−1, which is good evidence of plasma-induced surface hydrophilicity. 
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Figure 2-3 FTIR spectra of low-k films after Ar, O2, N2, H2 and N2/H2 plasma 

exposure.[28] 

It has been reported that there exist four types of water-related chemical groups 

attached to the -SiO2• groups, as shown in Figure 2-4.[35] The α-bonded and β-bonded 

water components, often called physisorbed water and chemisorbed water, respectively, 

are water molecules that are hydrogen-bonded to the hydrophilic hydroxyl groups. Unlike 

α -bonded water molecules that are loosely bonded to each other and to surface hydroxyl 

groups, β -bonded water is tightly hydrogen-bonded to two neighboring hydroxyl groups. 

The γ1 type of water-related group represents the hydrogen-bonded silanol (-Si-OH···HO-

Si-) and the γ2 type represents isolated silanol (-Si-OH).[36],[37] 
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Figure 2-4 Schematic illustrating of the various -OH species existed in a-SiOC:H and their 

bond types to siloxane groups.[36] Red lines in the figure represents the hydrogen bond 

formed between absorbed water and the dielectric material. 

The absorbed water, which has a dielectric constant over 70 for frequencies 

between 1-6 GHz, drastically increases the k-value of the low-k materials, [38] which will 

make the effort to decrease the interconnect capacitance null and void. 

In addition, moisture uptake into the a-SiOC:H thin film can cause reliability issues 

both mechanically and electrically.[36],[39],[40],[41] One of our previous studies has 

shown that absorbed water within the a-SiOC:H thin films can cause a change of film 

hardness and elastic modulus.[36] Michelon et al. [39]demonstrated that by eliminating 

moisture, the leakage current can be significantly decreased. In addition, higher breakdown 

electric fields and longer dielectric lifetimes can be achieved. Kubasch et al. [40] reported 

that if water is in the dielectric film, the leakage-current density increased about 6 orders 

of magnitude due to the ionization of water molecules in presence of the applied electric 

field. Singh et al.[41] examined moisture-induced capacitance-voltage instabilities and 

illustrated that moisture can lead to flat-band shifts and C-V hysteresis. All of these results 

underlie the importance of preventing moisture uptake in low-k dielectric materials from 

the environment. 
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2.1.2. Mechanical Damage 

The mechanical and fracture properties of porous ultralow-k dielectric films are 

closely linked with porosity, pore morphology, and network structure. During plasma 

processing, the chemical structures of a-SiOC:H thin films are modified through 

interactions with various plasma species. As a result, mechanical property changes occur 

inside the low-k materials. At the device-level, low-k thin films are integrated as a stack 

with other dielectric/metal layers. Thus, changes of mechanical properties such as hardness 

and elastic modulus can cause the accumulation of physical stress within these film stacks, 

resulting in major reliability issues, such as increased leakage current[42] and decreased 

breakdown voltage.[43] 

Recent work has reported plasma-induced mechanical damage to a-SiOC:H low-k 

dielectrics.[44],[45],[46] One of our previous works[46] studied the effect of water uptake 

on the mechanical properties of these low-k dielectrics. However, the current understanding 

of plasma-induced mechanical-property changes is still limited. The reports of dominant 

mechanisms of plasma-induced mechanical property changes are not consistent. For 

example, Vanstreels et al. [44] investigated the modification of He/H2 plasma exposure on 

a-SiOC:H low-k films. They concluded that He/H2 plasma exposure results in a decrease 

in both film hardness and elastic modulus because of plasma removal of porogen residues. 

In another study, Broussous et al. [45] observed increases in both the hardness and elastic 

modulus of a-SiOC:H low-k films after He-plasma exposure and attributed the changes to 

subsurface densification and/or structural modifications. These inconsistent results might 

be because the researchers didn’t distinguish the roles of energetic ions and VUV photons 

when examining the effects of plasma exposure on the mechanical properties of low-k 
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materials. The effects of charged-particle bombardment and photon irradiation have not 

yet been fully elucidated. 

More recently, the impact of plasma processing on the fracture behavior of 

nanoporous dielectric film stacks were studied for various a-SiOC:H materials. 

[47],[48],[49] Vlassak et al. [48]demonstrated that the adhesion of the a-SiOC:H/SiCN 

interface decreases over time, since plasma-induced moisture uptake and the tendency of 

water molecules to diffuse along the a-SiOC:H/SiCN interface rather than through the 

bulk.[50] Guyer et al. [51] showed that besides moisture, other environmental species can 

also induce accelerated film cracking. 

2.1.3. Electrical Damage 

The most basic requirement for ILDs is that of good electrical insulation that 

exhibits extremely low leakage currents, high dielectric-breakdown strength and extreme 

resistance to time-dependent-dielectric breakdown (TDDB).[52] In this regard, plasma-

induced damage to the electrical properties of low-k a-SiOC:H materials are of 

fundamental interest because the degradation of electrical property of low-k dielectrics 

limits the performance of the subsequent electronic device. Existing work about electrical 

damage from plasma exposure includes: (1) an increase in k value,[53] (2) charge 

accumulation, [54] (3) an increase in leakage current, [55] (4) TDDB degradation.[56] etc. 

2.1.3.1. Increase of k-value 

The k value the one of the most important properties of ILDs. For low-k a-SiOC:H, 

the ability to sustain the k-value during integration is an ideal characteristic. However, 



45 

 

 

 

much work has shown that the k-value for a-SiOC:H after plasma processing increases, 

either due to chemical reactions with the plasma or water absorption from the ambient or 

both. [53], [57] The k-value tends to increase as the -Si-CH3 loss increases.[53] Based on 

Xu et al.’s work[57], O2 plasma causes the most significant increase in the k-value even 

when it is highly diluted with He, as illustrated in the left part of Figure 2-5. 

 

  

Figure 2-5 Left: Changes of k-value under several plasma chemistries when the plasma 

exposure time was 15 seconds; Right: Dependence of k-value change on plasma exposure 

time. For both figures, data was collected with r.f. source power = 600 W, and pressure = 

10 mTorr.[57] 

Dilution of the H2 plasma with He helps to reduce the damage, but the reduction 

effect is still very limited. The k value after N2 plasma exposure is much lower than that 

for the O2 and H2 cases. Adding H2 into N2 brings the k up again as shown for equally 

mixed H2 and N2. The extent of low-k damage increases with plasma exposure time, as 

shown in the right part of Figure 2-5. The k-value changes rapidly during the initial 10 s 

of exposure, especially in diluted O2 and H2 plasmas, and increases more slowly 
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afterwards. Baklanov et al. [58] showed that the change in k-value was also related to the 

RF bias and temperature during plasma exposure. 

2.1.3.2. Charge accumulation 

Plasma processing can cause generation of trap states and charge accumulation. 

This was observed in plasma-exposed low-k a-SiOC:H thin films.[59],[60] Both charged-

particle bombardment and VUV-photon irradiation can contribute to charge 

accumulation.[54] The charge accumulation can be measured with a Kevin probe or from 

the C-V characteristics.[61] The surface potential is proportional to the charge density 

inside the dielectric material. With a higher fluence of ions or VUV photons from the 

plasma, the dielectric films tend to have higher surface potentials. Atkin et al.’s results for 

low-k films indicate the presence of a significant density of interfacial states and some of 

these states are attributed to defects associated with excess silicon or excess oxygen at or 

near the a-SiOC:H/Si interface.[61] Charged-trap states close to the interfaces in thin films 

of porous low-k dielectric materials are expected to affect interfacial barriers resulting in  

reliability in these materials.[61] 

2.1.3.3. Increase in leakage current 

Leakage current is another important electrical parameter of low-k dielectric 

materials and is directly related to the lifetime and power consumption of devices. Three 

conduction mechanisms have been commonly reported for low-k dielectrics: Schottky 

emission (SE), Poole-Frenkel (PF) emission and Fowler-Nordheim (FN) tunneling.[62] 

The dominant conduction mechanism is determined by the nature of any electrically active 

defects, such as trapped charges, oxide vacancies and/or fast surface states.[8] Plasma-



47 

 

 

 

induced damage typically increases the defect density, resulting in an increased leakage 

current. Figure 2-6 shows a typical leakage-current curve for pristine and Ar-plasma-

treated low-k dielectric films. It can be seen that plasma exposure has increased the leakage 

current of the low-k film.[55] 

 

Figure 2-6 Effect of plasma exposure on leakage currents in k = 2.65 a-SiOC:H.[55] 

2.1.3.4. Early breakdown 

Time-dependent dielectric breakdown (TDDB), defined as spontaneous dielectric 

breakdown during long-term application of relatively low electric fields, is a major concern 

for low-k organosilicate dielectrics. Characteristic lifetimes of the dielectrics or device can 

be interpreted by examining the 63.2% Time-to-Failure (TTF) of the dielectric.[63] 

Breakdown of low-k dielectrics can be exacerbated by several effects including electric-

field stress (resulting in damage-inducing leakage currents), thermal stress, as well as 

plasma-processing induced degradation of the electrical, chemical, and mechanical 

properties of the dielectric.[64] 
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Figure 2-7 shows the comparison of the Weibull statistics [26] characteristic failure 

percentages as a function of the applied electric field for pristine, VUV irradiated and 

plasma-exposed samples. Both VUV and plasma exposure resulted in reduced 

characteristic lifetimes relative to the pristine case. Reduced TTF implies an early 

breakdown and can result from an accumulation of defects from plasma exposure-induced 

damage. 

 

Figure 2-7 63.2% Time-to-Failure (TTF) versus electric field for pristine, VUV-exposed, 

and plasma-exposed a-SiOC:H thin films.[26] 

2.2 Plasma Vacuum-Ultraviolet Photon Irradiation 

Photons are emitted from a plasma when an electron transitions from an excited 

energy level to a lower energy level of atom or molecule. Photons produced in the plasma 

can also be emitted from free-free, free-bound or wall bremsstrahlung. Since the total 

power of photons due to bremsstrahlung is proportional to T1/2, where T is the temperature 
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of the electrons, for a processing plasma, the number of photons due to bremsstrahlung is 

much smaller of electrons.[65],[66] As a result, the emitted photons from a processing 

plasma are mostly line radiation.[67] In addition, the photon energy of line radiation 

depends primarily on the electron orbits of the atoms or molecules used in the plasma. 

Processing plasmas used for semiconductor fabrication often have very strong line 

radiation in the vacuum-ultraviolet (VUV) region of the spectrum (6-22eV). These VUV 

photons have energies large enough to break most of the chemical bonds. Therefore, 

measuring the effects of VUV irradiation on electronic materials is very important. 

Fundamental interest in this issue derives first from the need to determine, in 

general, the interactions of various plasma components (free radicals, ions, electrons, and 

photons) with electronic materials. In this work, especially for Cu/low-k organosilicate 

interconnects, we want to examine the effects of VUV irradiation during plasma exposure 

for three more reasons: (1) high photon energy compared with UV and visible photons, (2) 

high photon flux (fluence) and (3) deep penetration depth. 

 

(1) High Photon Energy: 

Table 2-1 shows the VUV photon energy emitted from fluorocarbon plasmas (CF4, 

C2F6, CHF3 and C4F8 etc, which are used for low-k dielectric etching), oxygen plasmas 

(which are used for photoresist removal (ashing)) and mixtures of C2F6 with argon and 

hydrogen (used for sidewall polymerization).[67] As can be seen, almost all of these 

plasmas can generate photons with energies higher than the bandgap energy of a-SiOC:H 

dielectrics, which were measured in the range of 6.8-8.3 eV. [25],[68],[69] 
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Table 2-1 VUV emission lines in dielectric-processing plasma discharges.[67] 

Feed Gas 
Operating 

Condition 
Emission Lines Photon Energy 

CF
4
 20 mTorr, 200W 

95 nm, 165.7 nm, 

202.6 nm 

13.0 eV, 7.5 eV 

6.1 eV 

C
2
F

6
 20 mTorr, 200W 

156.1 nm, 165.7 nm, 

202.6 nm 

7.9 eV, 7.5 eV 

6.1 eV 

CHF
3
 20 mTorr, 200W 102.6 nm, 121.6 nm 12.1 eV, 10.2 eV 

C
4
F

8
 20 mTorr, 300W 95 nm, 132.9 nm 13.0 eV, 9.3 eV 

O
2
 20 mTorr, 150W 

130 nm, 135 nm, 

197 nm 

9.5 eV, 9.2 eV, 

6.3 eV 

Ar 20 mTorr, 200W 104.8nm, 106.6 nm 11.8 eV, 11.6 eV 

C
2
F

6
/Ar 20 mTorr, 200W 

1:1 gas mixture 

104.8 nm, 106.6 nm, 

156.1 nm, 165.7 nm, 

202.6 nm 

11.8 eV, 11.6 eV 

7.9 eV, 7.5 eV 

6.1 eV 

C
2
F

6
/H

2
/Ar 20 mTorr, 200W 

1:1:1 gas mixture 

104.8 nm, 106.6 nm, 

121.6 nm, 156.1 nm, 

165.7 nm, 202.6 nm. 

11.6 eV, 11.8 eV 

10.2 eV, 7.9 eV, 

7.5 eV, 6.1 eV 

 

VUV photons with energies greater than the bandgap energy in SiO2-based 

dielectrics, like a-SiOC:H organosilicates, will be absorbed in the dielectric, producing 

electron-hole pairs and E’ defect centers.[70] An E’ center is formed from a silicon atom 

which is bonded only to three oxygen atoms and hence, has one dangling bond. Electron-

hole pairs can also be created in the bulk of the low-k dielectrics by VUV photons.[59] 

These holes may become trapped near dielectric interfaces causing degradation in device 

characteristics such as dielectric breakdown[71], decreased lifetime of minority carriers, 

and a flatband voltage shift [70]. In addition, the photon energies listed in Table 2-1 are 

higher than the strength of the chemical bonds existing in a-SiOC:H. For example: Si-O 

bonds (8.3 eV), Si-C bonds (4.7 eV), Si-H bonds (3.1 eV), Si-Si bonds (3.4 eV), C-H bonds 
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(3.5 eV) and O-H bonds (4.4 eV).[28] These high-energy photons can break these and other 

chemical bonds and generate other chemical defects besides the E’ centers, such as C 

dangling bonds[25], making the material much more susceptible to damage.[13] 

 

(2) High Photon-Fluence  

The intensity of the VUV photon irradiation depends on plasma parameters, 

including the type of plasma reactor, RF power, pressure and gas flow etc., as well as the 

feed gas composition and exposure time.[72] Woodworth et al.[67] examined the photon 

flux that reached the wafer from inductively-coupled plasma (ICP) reactors. For pure 

fluorocarbon gases (e.g, C2F6, CHF3 and C4F8) that were examined in their experiment, the 

flux of VUV photons to the wafer varied from 1 to 3×1015 photons/cm2 s, which is 

equivalent to 1.5 to 5 mW/cm2, expressed as power density. These measurements imply 

that for typical 20 mT, 200 W RF discharges, 0.1% - 0.3% of the RF source power to these 

discharges ends up hitting the wafer as VUV photons. For typical ‘‘ashing’’ discharges 

containing pure oxygen, the VUV flux intensities are slightly higher - about 5×1015 

photons/cm2 s, which is one order of magnitude larger than the ion flux (about 1×1014 

ions/cm2 s).[46] 

When argon or hydrogen diluents are added to the fluorocarbon gases, the VUV 

intensities increase dramatically. A mixture of Ar/C2F6/H2 in a plasma can yield VUV fluxe 

rates on the wafer up to 4×1016 photons/cm2 s. [67] Such high-flux rate photons are a 

significant damage source and cannot be neglected. 

 

(3) Photon Penetration Depth: 
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Unlike ions and radicals, VUV photons have a much deeper penetration depth into 

low-k a-SiOC:H materials and can cause bulk modifications. Under typical plasma 

processing conditions, the penetration depth of ions into a-SiOC:H is less than 2 

nm,[46],[73] which means that the ions can only modify the top surface of low-k thin films. 

The penetration of radicals into an a-SiOC:H layer is diffusion-dominated, due to the 

concentration-gradient and the fact that the radicals are uncharged. [15] This step is slow 

and depends highly on the porosity and film density. However, for VUV photons passing 

into a SiO2-based dielectric, the penetration depth of 8-eV photons can be up to 1 μm.[67] 

Palik and Philip et al.[74]  measured the photon-penetration depth of VUV light in 

amorphous SiO2. At wavelengths shorter than 130 nm (photon energy > 9.5 eV), the 

penetration distances were in the range of 10 - 100 nm. Between 130 and 140 nm (photon 

energy: 8.8 - 9.5 eV), penetration distances are much larger, from 100 nm to 1μm.[67] For 

the case of porous a-SiOC:H low-k thin film, the photon-penetration depth is believed to 

be larger due to the decreased density of the dielectric. For example, a 9 eV photon can 

penetrate into a-SiOC:H (k=3.2) more than 100 nm[75].As a result, in real device scale, 

the VUV photons can penetrate through the low-k interlayer dielectrics and also the 

underneath capping layer dielectric materials or metal layer. Considering the high energy 

and high flux intensity of photons, as described earlier in this section, this may cause 

significant reliability issues. 
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2.3 Electrical-Conduction Mechanisms in Cu/Low-k 

Interconnects 

Before addressing the breakdown mechanisms of Cu/low-k interconnects from 

VUV irradiation, it is first necessary to present a summary of the electrical conduction 

mechanisms through Cu/low-k organosiliate interconnects, because these conduction 

mechanisms are directly related to the breakdown characteristics, including TZDB and 

TDDB.[63] . Here, we need to know not only the conduction properties in the intrinsic low-

k organosiliates but also the band alignment and defect states or traps at the interface 

between Cu and low-k dielectrics (such as dense low-k a-SiOC:H thin film, which has the 

potential to be used as either low-k ILD or low-k capping layer dielectric. 

For intrinsic low-k dielectrics, three dominant conduction mechanisms have been 

commonly reported: Schottky emission (SE), Poole-Frenkel (PF) emission and Fowler-

Nordheim (FN) tunneling. SE and PF emissions describe field-enhanced thermal excitation 

of electrons entering the conduction band from (1) the low-k interface or (2) the trap states 

with coulomb potentials, respectively. The FN tunneling conduction is caused by electrons 

tunneling from the metal Fermi energy or trapping sites in the material itself into the low-

k dielectric conduction band. These studies or measurements were focused on low-k 

dielectric itself, using a-SiOC:H/Si film stack. There was no Cu layer, so no capping layer 

was needed for this work. The equations describing SE, PF emission and FN tunneling are 

listed below,[62] 

Schottky emission 

𝐽𝑆𝐸 =  𝐴∗ ∙ 𝑇2 ∙ 𝑒𝑥𝑝 [
−𝑞(𝜑𝑆𝐸−√𝑞𝐸 4𝜋𝜀𝑟𝜀𝑜⁄ )

𝑘𝑇
]                               (2-1) 



54 

 

 

 

Poole-Frenkel (PF) emission 

𝐽𝑃𝐹 ~  𝐸 ∙ exp [
−𝑞(𝜑𝑃𝐹−√𝑞𝐸 4𝜋𝜀𝑟𝜀𝑜⁄ )

𝑘𝑇
]                               (2-2) 

Fowler-Nodheim(FN) tunneling 

𝐽𝐹𝑁 ~  𝐸2 ∙ exp [
−8𝜋√2𝑚∗ (𝑞𝜑𝐹𝑁)3 2⁄

3𝑞ℎ𝐸
]                                 (2-3) 

where J is the current density in amperes/m2, A* is the Richardson constant with a 

unit of ampere/(meter* Kelvin)2, T is the temperature with a unit of degrees Kelvin, q is 

the elementary charge in coulombs, φ is the Schottky barrier height with a unit of volts, E 

is the electric field with a unit of volts/meter, εr is the dielectric constant which is 

dimensionless, εo is the permittivity of free space with a unit of farads/meter, m* is the 

electron effective mass with a unit of kg, [76] and h is Planck’s constant with a unit of m2 

kg/sec.  

An efficient way to determine the dominant conduction mechanism is to study the 

leakage-current behavior as a function of field at different temperatures. If either SE or PF 

emission dominates, the slope extracted from the relation between ln(J) or ln(J/E) versus 

E1/2 should be similar to the theoretical value as suggested by 𝛽𝑆𝐸  ~ 𝛽𝑃𝐹 ~√𝑞3 𝜋𝜀𝑟𝜀𝑜⁄ . If 

FN tunneling dominates, the leakage current exhibits a strong field dependency and is 

independent of temperature. The plot of ln(J/E2) and 1/E should also yield a straight line. 

In addition, in each conduction mechanism, trap depth or barrier height φ can be extracted 

by employing appropriate fitting procedures. 

For Cu/low-k interconnects, the band alignment between Cu and low-k dielectrics 

is critical to the fundamental mechanisms involved in electrical leakage. The barrier height 

at both the low-k/Si and the low-k/metal interfaces can be measured with internal 
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photoemission experiments. Atkin et al. [60] suggest that this value is 4.1 ± 0.4 eV for  a 

low-k/Si interface. With a Ta or TaNx metal capping layer, Shamuilia et al. [77] reported 

a barrier height close to 4.5 eV. The energy barrier did not significantly vary when Ta/TaN 

was used as the capping layer material.[77] This value is further substantiated by our latest 

work using VUV photoemission spectroscopy to measure the Schotttky barrier at the 

Cu/low-k interface.[78] Due to the barrier height being around 4 eV at the low-k dielectric 

interface, interface-controlled SE only happens when there are deep interface states/traps 

[8] or when there are changes to emission paths because of the existence of other low 

barrier-height interfaces, such as the etch-stop layer/metal interfaces (less than 2.0 eV).[79] 

As a result, PF emission is more likely the dominant conduction mechanism across the 

Cu/low-k interface, especially at low electric fields (1.0 - 4.0 MV/cm or less) .[80] FN-

tunneling conduction can occur at high field ranges (6.0 - 7.0 MV/cm or above).[81] 

2.4 Time-dependent Breakdown of Cu/Low-k Interconnects 

Time-dependent dielectric breakdown (TDDB) of porous low-k dielectrics used in 

advanced BEOL interconnects is a serious reliability concern, which can be exacerbated 

by several influences including electric-field stress (which results in damage-induced 

leakage currents), thermal stress (which can increase the diffusivity of impurities and metal 

atoms from interconnects)[82], as well as plasma-processing-induced degradation of the 

chemical, mechanical, and electrical properties of the dielectric.[26],[83],[84] After 

describing the main dielectric-leakage mechanisms in Cu/low-k interconnects, this section 

will summarize the major TDDB models that have been reported in the literature. 
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Models proposed for dielectric reliability are the Lloyd model [80], the 1/E model 

[85], the thermochemical E model [86], the E1/2 model [42], the E2 model [87] and the 

Haase model [88]. These models can be broadly categorized into those that consider only 

intrinsic breakdown (Lloyd, 1/E, E and Haase models) and those that take into account Cu 

migration in low-k materials (E1/2 models and E2 model). Experimental attempts on 

validation of these Cu/low-k TDDB models using data obtained from different field 

stressing will be discussed as well. 

2.4.1. Intrinsic TDDB in Low-k Organosilicates 

2.4.1.1  Lloyd Model 

This model was proposed by Lloyd et al. in 2005 and is also referred as the 

(1 𝐸⁄ + √𝐸) model. [80] In this model, the damage to the low-k dielectric is assumed to 

be caused by energetic electrons. The electrons are injected into the dielectric and get 

accelerated under an electric field. After the electron has traversed a certain distance within 

the dielectric, it will undergo a scattering event and all the energy that it has acquired from 

the field up to that point will be dissipated. If the electron has more than a certain threshold 

energy, a new defect or trap can be generated, as illustrated in Figure 2-8. The 

accumulation of defects in the dielectric eventually leads to TDDB. 

 



57 

 

 

 

 

Figure 2-8 Energy bandgap diagram for the Lloyd model. [89] 

There are several assumptions in this model: (1) electrons are injected by Poole-

Frenkel tunneling; (2) the electron-free path between scattering events follows an 

exponential distribution; (3) there is a threshold energy for the electron to generate a new 

defect center and (4) the time to breakdown is dependent on the rate at which defects are 

generated. Accumulation of defects up to some threshold number Nf that will result in 

dielectric failure The failure time follows the following equation: 

𝑇𝑇𝐹 =
(𝑁𝑓−𝑁0)

𝐴𝐸
exp (−𝛾√𝐸 +

𝐸𝑡

𝜇𝑞𝐸
)                                    (2-4) 

where 𝑁0 is the number of pre-existing defects, 𝐴 and 𝛾 are the fitting parameters from the 

Pool-Frenkel equation, E is the electric field, 𝑁𝑓 is the threshold number of defects when 

the dielectric breaks down, 𝜇 is the mean free path of the electron, q is the electron charge, 

and 𝐸𝑡 is the threshold energy to create a new defect center. 
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The √𝐸  dependence in Equation (2-4) is due to the Poole-Frenkel injection 

mechanism. At low fields, the 1/E dependence will predominate. Despite the simplicity of 

the model, there is no information about the nature of the defects and how the defects 

eventually lead to the breakdown of the dielectric. It should be noted that there is no 

temperature-dependent term in Lloyd model, which cannot reflect the temperature-related 

TDDB. 

2.4.1.2  1/E Model 

The 1/E model was first proposed by Chen et al. to explain TDDB in gate oxides 

and was modified later to describe TDDB in low-k dielectrics.[27],[90] This type of 

dielectric failure mechanism can be illustrated by examining the energy band diagram in 

Figure 2-9. In this model, one electrode is a metal while the other electrode is a 

semiconductor. During voltage stressing, a high electric field develops across the oxide 

and electrons tunnel into the oxide from the cathode by Fowler-Nordheim tunneling. 

 

Figure 2-9 Energy-band diagram illustrating the anode hole-injection mechanism in the 

1/E model. [89] 
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When these energetic electrons arrive at the anode, they will thermalize and their 

energy is used to generate hole-pairs in the anode. The holes, which are able to surmount 

the energy barrier at the valence band, are then injected back into the dielectric because of 

the direction of the applied field. Since holes have a greater effective mass than electrons, 

they are more easily trapped within the oxide layer. As a result, positive oxide-trapped 

charge will build up over time near the cathode. This will further increase the electric field 

near the cathode and lead to more Fowler-Nordheim injection of electrons into the oxide. 

Eventually, a positive feedback loop will develop and dielectric breakdown will ensue. 

The TTF using the 1/E model can be expressed as 

𝑇𝑇𝐹 ∝ exp  (
𝛽

𝐸
)                                                     (2-5) 

where β is the field acceleration parameter which is dimensionless, (equal to the slope of 

the line in a probability plot in Weibull scale and is related to the breakdown mechanism.) 

E is the electric field. At low fields, the prediction of the TTF from the 1/E model tends to 

converge with that of the Lloyd model. Since one of the electrodes in the 1/E model must 

be a semiconductor, it is usually applied to predict the intrinsic breakdown of low-k 

organosilicates, like a-SiOC:H/Si stacks, rather than that of a damascene Cu/low-k 

interconnect structure, in which there is a-SiOC:H/Cu stack.[63] 

2.4.1.3  Thermochemical E Model 

Under the thermochemical E model [86,91], TDDB occurs as a result of electric-

field-induced breakage of weak chemical bonds in the dielectric network so that new 

defects (traps) are generated. When a sufficient density of traps is generated in the dielectric, 
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a conductive path linking the two electrodes will be formed and a large increase in current 

occurs. In this model, the chemical bonds that are broken by the weak electric field are 

found in E’ defect centers in the dielectric.[92] E’ centers are also called oxygen vacancies 

and their structure is illustrated in Figure 2-10. Under the electric field, the Si-Si bond in 

the E’ center will be distorted. With some thermal excitations, this distorted Si-Si bond can 

be broken more easily. The model assumes that if enough Si-Si bonds in the E’ centers are 

broken, then TDDB will take place. 

 

 

Figure 2-10 Schematic diagram of the Si-Si bond breaking process of the E’ center in SiO2 

under voltage stress. Each Si-O bond has a permanent dipole moment po. An applied 

electric field distorts the Si-O bonds in the O3Si-SiO3 unit and makes it energetically 

favorable to break the Si-Si bond. [89] 

Under the thermochemical E model, the TTF can be expressed as, 

𝑇𝑇𝐹 ∝ 𝑒𝑥𝑝(
∆𝐻0−𝛼𝐸

𝑘𝐵𝑇
)                                              (2-6) 
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where ∆𝐻0 is the enthalpy (or activation energy) for the breaking of the Si-Si bond (in a 

range of 1.0 – 1.5 eV),[93] 𝛼 is a constant related to the polarization of the chemical bond 

(Si-Si E’ center), kB is the Boltzmann constant,  T is the temperature, and E is the electric 

field. The term a/kBT is also generally known as the acceleration parameter during bias-

temperature stress experiments. The thermochemical model is capable of fitting low-k 

TDDB data at high electric fields. In addition, extrapolation to lower fields using this model 

will tend to give the most conservative predictions. 

2.4.1.4  Haase Model 

The Lloyd model, the 1/E model and the E model are all aimed to develop a 

predictive capability that relates the TTF to the electric field and/or temperature and to 

extrapolate the TDDB lifetime at low field conditions from data obtained at high electric 

field and/or high temperature conditions. The Haase model [88] was developed from the 

Lloyd model and does not aim to develop a TTF relationship on the grounds that some of 

the mechanisms used in the previous models lack empirical justification. Instead, it 

attempts to numerically simulate the low-k leakage current as a function of time and use 

the time-to-minimum-current (TTMC) as a criterion for dielectric failure, as shown in 

Figure 2-11. 
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Figure 2-11 Leakage currents in a dielectric thin film as a function of time. The arrows in 

the figure show the location of time-to-minimum-current (TTMC).[88] 

The assumptions made for the Haase model are similar to those for the Lloyd 

model.[80] The leakage current in the low-k dielectric is found by numerically solving 

three one-dimensional coupled partial-differential equations.  They are:  Poisson’s equation, 

the continuity equation and the rate equation for the generation of traps within the low-k 

film simultaneously. Finite-element simulations have been employed for the calculation of 

the electric field from Poisson’s equation, which could make the TTF in the Haase model 

much more complicated than that in other models In this model, three one-dimensional 
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coupled partial differential equations have to be solved. It is hard to say whether this model 

is better or not. The Haase model is based on simulation while the other models are based 

on experimental measurements. The Haase model is capable of fitting low-k TDDB date 

at low fields (1-2 MV/cm or less), while the Lloyd and thermochemical E model work 

better at high fields. 

2.4.2. Extrinsic TDDB in Low-k: Effects of Cu Migration 

Extrinsic TDDB in low-k dielectrics refers to the situation that the breakdown is 

caused by transport of external impurities into the sample. For Cu/low-k interconnects, the 

extrinsic TDDB is mainly Cu migration-induced TDDB. Cu migration, including both Cu 

atom diffusion and Cu-ion drift, has been a critical reliability concern for low-k 

organosilicates, used as either ILD or capping/etch-stop layers. Even with diffusion barriers, 

Cu atoms/ions can still diffuse or drift into low-k dielectrics [94], [95] and form a deep-

level defects in the dielectric band gap, causing TDDB degradation. Hence, new models 

have been expressly developed to describe extrinsic TDDB in low-k dielectrics by taking 

into account the effects from Cu migration. These models include the Cu drift E model[96], 

the √𝐸 model[42] and the E2 model[87]. 

2.4.2.1  Cu Drift E Model 

In one of the earliest attempts to develop a quantitative Cu/low-k interconnect 

TDDB reliability model, Wu et al. [96] considered the diffusion and drift of Cu+ ions in a 

periodic potential with an external bias and developed the Cu drift E model. Cu+ ions are 

thought to be generated in the metal by trapped oxides, such as H2O or OH-.[97] The basic 

mechanism of failure is similar to that by Suzumura et al, where Cu+ ions form deep traps 
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in the dielectric and charge accumulates as a sheet of positive charge and increases band 

bending. The leakage mechanism then changes from the Poole-Frenkel to Fowler-

Nordheim and the leakage current will increase further with time. When the concentration 

of Cu ions near the cathode exceeds a critical concentration, TDDB is assumed to occur. 

[98] The predicted TTF according to this model is: 

𝑇𝑇𝐹 =
𝐵 exp(

𝐸𝑎
𝑘𝐵𝑇

)

exp(
𝑞𝜆𝐸

𝑘𝐵𝑇
)−exp(−

𝑞𝜆𝐸

𝑘𝐵𝑇
)
                                        (2-7) 

where kB is the Boltzmann constant, T is the temperature, λ is the periodicity of the potential. 

Ea is the activation energy that the Cu+ ions have to overcome in order to jump to the 

adjacent potential well and B is a proportionality constant that depends on λ. In the limit of 

high fields, this TTF relationship reduces to the same form as the thermochemical E model, 

as described previously, with an acceleration parameter given by qλ/kBT: 

TTF = 𝐵 exp (
𝐸𝑎−𝑞𝜆𝐸

𝑘𝐵𝑇
)                                                  (2-8) 

For experimental verification of their model, Wu et al. [96] used the published data 

of Vogt et al. [97] and fitted the data for SiOx and SiNx to equation (2-7). For each dielectric, 

a good fit over a range of electric field and temperature could be obtained with one set of 

values for Ea and λ. 

2.4.2.2  √𝑬 Model 

The √𝐸 models [42,98] for low-k dielectrics involve migration of Cu into the low-

k dielectric prior to breakdown, as shown in Figure 2-12. In the study by Suzumura et al., 

as depicted in part (a) of Figure 2-12, the Cu+ and electrons drift in different directions 
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under the electric field. The capping layer provides a path for Cu+ between the metal lines. 

Initially, the conducting mechanism is Poole-Frenkel. Due to this leakage, Cu+ will 

accumulate at one electrode and will shorten the distance between the two metal electrodes. 

If the distance is short enough, the conducting mechanism will be changed to Fowler-

Nordheim and the dielectric will eventually break down if there is enough Cu+ 

accumulation. Because Cu+ forms deep trap centers in the capping layer (SiN), it will make 

electron tunneling more difficult. As a result, the leakage current will drop during the 

TDDB process. The TTF is given as 

𝑇𝑇𝐹 ∝
1

𝐸
exp (−

𝑞

𝑘𝑇
(

𝑞

𝜋𝜀
)√𝐸)                                            (2-9) 

where E is the electric field,  𝜀 is the dielectric permittivity, q is the charge of the ion, k is 

the Boltzmann constant and T is the temperature. The √𝐸 model could well explain why 

the leakage current decreases before dielectric breakdown and fits well with experimental 

data.[99] 
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Figure 2-12 Schematic diagram of the process leading to dielectric breakdown in the √𝐸 

model of (a) Suzumura et al.[98] and (b) Chen et al.[42] (“Schottky” in the figure 

represents the Schottky barrier at the Cu/dielectric interface, as indicated by the arrow.) 

In the study by Chen et al. [42], electrons are considered to be injected from the 

cathode into the low-k dielectric by Schottky emission (Figure 2-12b). Those electrons 

that do not undergo scattering within the low-k dielectric become energetic and can use 

their energy upon arrival at the anode to generate Cu+ ions. These Cu+ ions are then 

injected into the low-k dielectric at the low-k capping-layer interface and move towards 

the cathode. Two mechanisms by which the final breakdown may occur are proposed: (1) 

the Cu+ ions combine with electrons and become neutral Cu atoms. These atoms 

agglomerate into Cu clusters that over time can coalesce into a metallic bridging short; (2) 

the Cu atoms by virtue of their size can increase the local strain in the low-k dielectric and 

facilitate bond breakage. 
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2.4.2.3  E2 Model 

The E2 model was proposed by Achanta et al. [87], which assumes that Cu+ ion 

diffusion and drift play a major role in the TDDB of low-k dielectrics, like the √𝐸 models. 

Under electrical stress, Cu+ ions migrate into the low-k dielectric from the anode. After 

sufficient time, a layer of Cu+ ions will accumulate at the cathode and result in an increase 

in the electric field nearby. A mass-transport model was developed for the diffusion/drift 

of Cu ions, in which the coupled Poisson equation and the continuity equations were solved 

simultaneously to yield the Cu+ ion concentration and the potential within the dielectric. 

This is different from the √𝐄 model as discussed previously. 

The time for the electric field at the cathode to increase to the breakdown field can 

be expressed as a function f (Ce, T, Eapp) of ion solubility (refer to the maximum amount of 

Cu ions dissolved in the low-k dielectric at equilibrium) in a low-k dielectric (Ce), the 

absolute temperature T, and the applied field Eapp. The function can be computed from the 

mass transport model.[87] Also, the model assumes that the enhanced electric field at the 

cathode will eventually lead to bond breakage at defects in the dielectric, instead of 

increased Fowler-Nordheim tunneling. The proposed TTF function is written as, 

𝑇𝑇𝐹 ∝ exp (
𝐸𝑎−𝛾𝐸𝑎𝑝𝑝

2

𝑘𝑇
)𝑓(𝐶𝑒 , 𝑇, 𝐸𝑎𝑝𝑝)                        (2-10) 

where 𝐸𝑎 is the activation energy of Si-O bond, 𝛾 is a constant related to the dipole moment 

of the Si-O bonds, Eapp is the applied electric field, k is the Boltzmann constant and T is the 

temperature. 
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As discussed above, there is currently a large number of dielectric models all of 

which aim to predict the time to breakdown at electric fields and temperatures under actual 

use conditions from accelerated test data. There is as yet no consensus on the physical 

failure mechanism. One of the reasons is that different research groups often use different 

samples and different test structures. It is impossible to verify the model one by one. In 

order to narrow down the number of models, it may be useful to carry out a collaborative 

round-robin type experiment in which Cu low-k test structures fabricated at one laboratory 

are distributed to different research groups for testing and model verification. 

Besides this, no one has considered the effects of VUV photon irradiation on the 

TDDB reliability of Cu/low-k interconnects. In this work, we focus on examining the 

VUV-induced TDDB of Cu/low-k interconnects. 

2.5 Summary 

In this Chapter, background information for understanding the problem of plasma-

induced damage to Cu/low-k interconnects and the means necessary to measure VUV-

induced damage, including Cu migration into and breakdown of low-k organosilicates, was 

discussed. First, an overview of past work on plasma-induced damage to low-k 

organosilicates was presented from three different perspectives, including chemical 

damage, mechanical damage and electrical damage. Next, details of VUV photons emitted 

from processing plasmas were discussed, with an emphasis on the importance of VUV 

photons as potential damage sources. A discussion of the the primary conduction 

mechanisms in low-k materials, namely Schottky emission, Poole-Frenkel conduction, and 

Fowler-Nordheim tunneling was presented. Finally, various TDDB models for Cu/low-k 
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interconnects were introduced, and a relevant summary of past work on TDDB was 

provided. With this background information, we are able to investigate the effects of VUV 

photon irradiation on TDDB of Cu/low-k interconnects.   
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Chapter III 

 

 

 

Experimental Apparatus and Materials 

Diagnostics 

 

In this Chapter, the experimental apparatus and characterization methods used in 

this work to measure the VUV-induced Cu migration into and breakdown of low-k a-

SiOC:H organosilicates are described. It should be mentioned that some of the low-k 

dielectric materials under study are dense low-k a-SiOC:H with a k value of 3.2 and a 

density of 1.5 g/cm3, which has the potential to be used as a low-k capping layer dielectric. 

This dense low-k capping layer material will also be compared with the widely used a-

SiCN capping layer material. In the first section, details are given about (1) the 

monochromatic synchrotron VUV photon source used in this work and (2) VUV 

photoemission spectroscopy are described in detail. Next, an electron-cyclotron-resonance 
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(ECR) plasma reactor used to expose dielectric samples is presented. This allows a 

comparison of plasma-induced damage to the synchrotron radiation VUV-induced damage 

to a-SiOC:H. In the third section, nanoindentation measurements on the porous low-k 

organosilicates are detailed. In the fourth section, X-ray photoelectron spectroscopy (XPS) 

technology used for several distinct measurements is elaborated, including core-level XPS, 

valence-band XPS and depth-profile measurements. Fourier transform infrared 

spectroscopy (FTIR) is then discussed. And lastly, the electrical characterization test 

structure for the low-k a-SiOC:H thin films are discussed. 

3.1 Synchrotron VUV-Photon Source 

To get complete measurements of the effects of VUV photon irradiation on Cu 

migration into and breakdown of Cu/low-k interconnects, an appropriate VUV photon 

source is important. A useful VUV source should have the characteristics of variable 

energy, high photon flux, and high energy resolution, etc. Synchrotron radiation is such an 

ideal VUV photon source which can provide continuous, high-intensity monochromatic 

radiation over a wide range of wavelengths (from infrared to X-rays). In this work, the 

University of Wisconsin Synchrotron Radiation Center (SRC) in Madison, WI and the 

National Synchrotron Radiation and Research Center (NSRRC) in Taiwan were utilized as 

VUV photon sources. In both facilities, a particular beamline, equipped with a stainless-

steel Seya-Namioka monochromator (SEYA), was used because it allows for exposure to 

photon energies from 4.5 eV up to 35 eV, which is comparable to those photon energies 

emitted from processing plasmas.[1] 
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The experimental apparatus is shown in Figure 3-1. The dielectric films were 

placed in the vacuum chamber, which was pumped down to a pressure of 10-8 Torr. As 

mentioned above, the VUV beam comes from the exit slit of a Seya-Namioka VUV 

monochromator with an output-energy range of 5-30 eV. The beam is oriented normally to 

the surface of the sample with an approximate cross-sectional area of 3.0 × 0.1 cm2. The 

film position relative to the beam can be adjusted using a linear translator that is connected 

to the wafer plate. Since the VUV beam is fixed in position, the motion of the sample is 

equivalent to scanning the beam over the sample surface. The flux of the beam can be 

monitored in situ using a calibrated photodiode (AXUV100). During VUV exposure, the 

sample holder can be biased and a Keithley 486 pico-ammeter can be used to measure the 

substrate current. 

 

Figure 3-1. Schematic of the synchrotron VUV irradiation system. 

Figure 3-2 shows the calibrated photon flux of the SEYA beamline at NSRRC for 

several widths of the exit (front) slit.  The flux was measured with the photodiode located 

at the place of the sample holder. Energies between 5 and 17 eV using a 600 lines/mm 
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grating were measured. Energies higher than 17 eV could be utilized by installing a 

different grating. At the maximum slit opening (1.5mm), one can get the highest photon 

flux. Compared with the VUV photon flux in the ECR plasma,[2] the flux from the Seya 

beamline is smaller by two orders of magnitude. Thus, in order to achieve a similar total 

dose of VUV photons, the equivalent exposure using a synchrotron, radiation takes a much 

longer time. 

 

Figure 3-2 The calibrated photon flux of the SEYA beamline with different slit openings. 

It is important to notice that increasing the slit opening increases the photon flux, 

as depicted in Figure 3-2, and also increases the bandwidth of the radiation that passes 

through the monochromator. When the slit is opened to its maximum (1.5mm), the full 

width at half maximum (FWHM) of the beam is approximately 1 nm. From the following 

expression for energy resolution, ΔE=hc (Δλ/λ2), [3] where h is Planck’s constant, c is the 

speed of light and λ is the wavelength, the energy resolution is 0.08 eV (less than 0.1 eV) 
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for 10 eV photons. It is likely to be poorer for higher photon energies (resolution is 0.18 

eV for 15 eV photons). In this work, because sub-0.1 eV energy resolution is not needed 

for VUV irradiation with energy higher than 10 eV, the maximum slit opening was always 

used for VUV exposure to obtain the highest possible photon flux. This is because sub-0.1 

eV energy resolution was only required when measuring the Schottky barrier using VUV 

spectroscopy. 

The other reason that the widest slit opening was utilized is to have good spatial 

uniformity. Figure 3-3 shows the spatial distribution of the photons from the SEYA 

beamline at NSRRC with different slit openings, as measured by Weiyi Li. As can be seen 

from Figure 3-3 (left) for the vertical distribution, with a 1.5 mm slit opening, the beam 

size is about 12 mm and is relatively uniform in the center.  For a 1.5 mm slit opening, the 

beam size is only about 4 mm. Figure 3-3 (right) shown the horizontal distribution of the 

VUV beam.  Since the exit slit is also horizontal, the opening of the slit does not affect the 

horizontal distribution of the VUV intensity significantly. For most of the materials 

diagnostic methods used in this work (XPS, FTIR, nanoidentation, ellipsometry, I-V, etc), 

a requirement of at least a 5mm × 5mm uniformly VUV-exposed area is needed. This can 

be achieved by adjusting the sample position during exposure, using the linear translator 

as described above. 
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Figure 3-3 Spatial distribution of the photons from the SEYA beamline with different slit 

openings: (left) vertical distribution (right) horizontal distribution. (Data measured by 

Weiyi Li).  

On the other hand, the VUV exposure apparatus used in this work allows in-situ 

sample diagnostics during or immediately after high-flux energetic photon exposures. 

Depending on the incident photon energy and the dielectric thickness, VUV irradiation can 

cause photoinjection, photoconduction, and photoemission of electrons.[4],[5] Electrons 

can be excited into the conduction band from the valence band or from defect states in the 

bandgap of the dielectric and travel in the dielectric and/or the substrate.[6] By exposing 

the materials to monochromatic VUV radiation at low flux (using a 0.3-mm slit opening) 

and rapidly scanning the photon energy over a wide range, the photoemission current from 

the low-k dielectric as a function of photon energy can be obtained using the set-up as 

shown in Figure 3-4.[7],[8] A picoammeter was connected to the silicon substrate of the 

wafer to monitor charge transfer into and out of the dielectric so as to measure the 

photoemission current during VUV irradiation, as indicated in the Figure.. 
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Figure 3-4 Setup for measuring the VUV photoemission current.[9] 

It should be pointed out that the use of synchrotron radiation, both as a source of 

high-flux photon exposures and as a diagnostic tool, is fundamental for this work. As a 

diagnostic tool, VUV photoemission spectroscopy provides the possibility of in-situ 

sample characterization immediately after high-flux energetic photon exposures. We have 

successfully used this method to measure the Schottky barrier at the Cu/low-k a-SiOC:H 

interface,[10] which will be discussed in Chapter VI.  

3.2 Electron-Cyclotron-Resonance Plasma Reactor 

In this work, an electron-cyclotron-resonance (ECR) plasma reactor is also used to 

expose low-k a-SiOC:H samples, in order to compare VUV-only-induced and plasma-

induced damage. In particular, the mechanical property changes of the thin film will be 

measured, as will be detailed in the following chapters. 
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ECR plasmas have a number of desirable characteristics, like low operating 

pressure[11] and high electron density[12], that make them particularly well suited for 

semiconductor processing.[13] Low-pressure operation is particularly useful for the 

deposition of high-quality films and is useful for anisotropic etching of high-aspect-ratio 

features, due to the reduction of ion collisions in the sheath.[14], [15] Also, because they 

are wave-heated discharges, ECR plasmas can be generated without the presence of 

internal electrodes, which can be potential contamination sources because of etching or 

sputtering of the electrode surfaces.[13] 

Figure 3-5 shows a schematic diagram of the ECR plasma system used in this work. 

It utilizes a 2-kW magnetron power supply to generate a 2.45 GHz microwave field that is 

coupled to the reactor chamber through a gas-cooled quartz window. Once the microwaves 

are generated in the magnetron, they go through a circulator and then pass over a diode 

array that measures forward and reflected power. A three-stub dielectric tuner connected 

to the waveguide is used for impedance matching and to increase the efficiency of 

microwave power coupled into the plasma. The reflected power is absorbed by a dummy 

load as shown. Before they enter the cylindrical plasma chamber, a rectangular to circular 

waveguide converter was used to convert the microwaves from the TE10 (rectangular) mode 

to the TM01 (circular) mode. Because the TM01 mode is axially symmetric, the plasma 

induced by the microwaves will tend to be more uniform.[16] An 875-Gauss magnetic-

mirror field is generated in the vacuum chamber by driving 1 kA through a set of magnet 

coils. Samples can be mounted on a heated movable stainless-steel wafer chuck placed 

axially inside the reactor. 
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Figure 3-5. Schematic of the electron-cyclotron-resonance plasma-reactor. 

In order to separate the effects of energetic charged particles and photon 

bombardment incident from the plasma, from chemical changes induced by free radicals, 

argon was used as the feed gas, under which the impact from free radicals is minimized.[17] 

The ion-impact energy at the surface of the wafer chuck can be modified with the addition 

of an external bias potential.[16] For conducting wafers or substrates, this can be 

accomplished with either a DC bias or an RF-induced DC bias (self-bias) voltage. For 

insulating wafers or substrates, an RF bias must be used.[18] An RF source (13.56 MHz, 

up to 1 kW) and an L-type matching network, as shown in Figure 3-6, were designed and 

incorporated into the ECR reactor.[16] The RF-induced DC bias can be up to -100 volts. 
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Figure 3-6 L-type matching network schematic showing simplified generator and plasma 

Impedances. Copt represents a 100-pF capacitor, Cload represents a single 8-1000 pF variable 

capacitor and Ctune represents a variable vacuum capacitor placed in series with the inductor, 

which is tunable in a range of 8 to 1000 pF. 

3.3 Nanoindentation Measurements 

In this work, nanoindentation was used to measure the effect of VUV irradiation 

and plasma exposure on the mechanical properties of low-k organosilicates. Though 

nanoindentation has been widely used to characterize the mechanical properties of various 

materials, there are several challenges when it comes to measurements of layered samples 

in which a significant disparity exists between the properties of the materials in each 

layer.[19-21] Here, to carefully include the effects of multiple layers, modifications to the 

traditional nanoindentation test methods were made, based on Stone’s Elasticity Model 

[22,23], to improve the accuracy and reliability of the measurements. 

For a “standard” nanoidentation test, the indenter is controlled with a pre-set function 

to load it into and lift it off from the sample. As this takes place, the loading force and depth 
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(h) are monitored. From the load-depth traces, the initial unloading stiffness (S = dP/dh at 

maximum load Pmax,) can be assessed by fitting the unloading load-depth segment (the 

unloading part of the load-depth curve) to a power function. As a result, the hardness (H) 

and effective modulus (Eeff) of the material can be obtained by using the expressions H = 

Pmax/Ac and Eeff = S/Ac
1/2 respectively, where Ac is the contact area of the indenter with the 

sample surface, and Pmax is the maximum load. For indentation against a homogeneous, 

isotropic, elastic half space, as depicted in Figure 3-7 (a), Eeff is related to the material 

properties as follows:  

1

𝐸𝑒𝑓𝑓
=

1

𝛽
(

1−𝜈𝑠
2

𝐸𝑠
+

1−𝜈𝑑
2

𝐸𝑑
)                        (3-1) 

where 𝐸𝑑 and 𝜈𝑑 are the Young’s modulus (1137 GPa) and Poisson’s ratio (0.07) of the 

diamond probe [19] and 𝐸𝑠 and 𝜈𝑠 are the same quantities for the specimen. 𝛽 is a constant 

that depends on the geometry of the indenter. Once the Poisson ratio (the negative ratio of 

transverse to axial strain) of the specimen (𝜈𝑠 ) is known, the elastic modulus of the 

specimen (𝐸𝑠) can be determined. This method is accurate for measurements on isotropic 

materials.[19] “Isotropic” here means the sample only has one layer.  
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Figure 3-7 Schematic showing nanoindentation on (a) an isotropic and (b) a layered 

sample. 

However, for indentation against a layered elastic half-space, such as a very thin 

film on a substrate, the underneath layer will have an increased effect on Eeff as the 

penetration-depth increases. What one measures here are not only the properties of the thin 

layer on the top, but also those of the substrate, as illustrated in Figure 3-7 (b). For the 

case of a low-k a-SiOC:H thin film deposited on a silicon wafer, since Si is much 

mechanically stronger than a-SiOC:H, the measured results based on the traditional method, 

as discussed above, are usually overestimated and unconvincing because the effects from 

the Si substrate are not properly considered.[20] Furthermore, if the a-SiOC:H thin films 

are porous, film densification and delamination underneath the probe are significant during 

measurement, which brings additional challenges to the test.[21] Therefore, to obtain more 

reliable data, some necessary modifications are carried out in this work, as described in the 

following paragraphs. 

First, an optimized load-function was used for each measurement, as shown in 

Figure 3-8. Nanoindentation tests were carried out using a Hysitron (Minneapolis, 

Minnesota, USA) TriboIndenter® equipped with a diamond Berkovich tip and operated in 

open-loop control. For each measurement, the indenter was operated in force-displacement 

mode and the tip oscillation frequency was 125 Hz. Machine compliance was assessed 

from a 0.01-1.2 mN series of load control indents on a fused silica standard using SYS 

correlation.[23] Both calibration and a-SiOC:H experiments utilized the same load-control 

indent function. In step (b), the slower loading ramp is important to eliminate film 

delamination.[19,24] 
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Figure 3-8 Load function used in this work, which consists of (a) an initial 20-nm lift-off 

and re-approach (which is done by lifting up the indenter tip and then movong it back to 

touch the sample surface) in order to define the initial contact point accurately, (b) a 5 s 

loading, (c) a 5 s hold at maximum load (Pmax), (d) a 2 s unloading to 40% of the Pmax, (e) 

a 60 s hold at 40% Pmax to remove thermal drift effects, and (f) a 1 s final unload. 

Second, the contact area (Ac) was recalibrated, as described below, at each 

indentation depth (h). After correcting the fused silica load-depth traces for machine 

compliance, the Oliver-Pharr method [25] was used to assess contact area based on initial 

unloading contact stiffness (S) and contact depth (hc = h - 0.75·P/S) for each indent. The 

area function is determined by a calibration equation as follows[25] 

Ac (hc)=24.5hc
2+C1hc +C2hc

1/2+C3hc
1/4+C4hc

1/8+C5hc
1/16                   (3-2) 

where C1-C5 are calibration constants of the indenter tip determined by the indentations on 

fused silica. 
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Third, Stone’s elasticity model [22] was utilized to interpret the data measured on 

the layered sample and to remove the effect of the substrate, by comparing the experimental 

Eeff as a function of indent size to Stone’s theoretical simulations. In the simulation, the 

elastic modulus and the Poisson’s ratio of Si are set to be 161 GPa and 0.227 

respectively[26] and the Poisson’s ratio of a-SiOC:H was assumed to be 0.25.[27] The only 

fitting parameter here is the nanoindentation correction factor - β, as shown in equation (3-

1), which is dependent on the indenter geometry, the tip bluntness and the Poisson’s ratio 

of the material being indented. It was determined to be 1.23 in previous work.[28],[29] 

Figure 3-9 shows the comparison of experimental Eeff (solid symbols) of a-SiOC:H 

(k=2.55) with calculated Eeff (open symbols) using Stone’s model. The abscissa is the 

square root of the contact area (√𝐴𝑐) normalized by the film thickness (hf), which enables 

the simulations to be compared with films of arbitrary thickness. As one can see from 

Figure 3-9, the agreement between the experimental and the simulated Eeff is good when 

√𝐴𝑐/hf < 1. Above √𝐴𝑐/hf  = 1, however, the experimental Eeff is higher than the simulated 

Eeff. As suggested by previous researchers,[21],[30] the deviation likely arises due to the 

porosity of the SiCOH films, because the stress state under an indenter is highly hydrostatic 

and causes the porous materials to densify during the loading step, which leads to a local 

increase in the stiffness. Furthermore, the harder substrate can also enhance densification 

underneath the indenter and thus lead to an even larger region of increased stiffness.[21] 

Therefore, only data below √𝐴𝑐/hf  = 1 was used to assess Eeff of a-SiOC:H thin film.[19] 

Taking pristine a-SiOC:H with a k value of 2.55 as an example, the experimental Es, as 

shown in Figure 3-5 is located between Es =5.0 GPa and Es =6.0 GPa in simulated curves 

when √𝐴𝑐/hf < 1.0, corresponding to a true Es value of 5.3 ± 0.2 GPa. 
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Figure 3-9 Comparison of experimental Eeff of pristine a-SiOC:H thin film (k=2.55) with 

simulated Eeff from Stone’s elasticity model. 

Figure 3-10 shows the measured hardness (H) of the pristine a-SiOC:H thin film 

(k=2.55) as a function of √𝐴𝑐/hf. At the onset of the indentation test, the curves level off 

and the measured H stays at a plateau value for shallow indentation depths. Then the 

measured H increases significantly with increased load. Finally, when the indenter probe 

approaches the film and substrate interface, a discontinuity appears in the curve. This 

discontinuity should be attributed to “pop-in” events, resulting from film cracking or 

adhesion loss (delamination) between the film and substrate.[31] Since hardness assesses 

the resistance of the material to plastic deformation underneath the indenter,[19] when a 

crack forms, the probe can more easily penetrate into the film/substrate system. This 

degenerated resistance induces a substantial increase in the contact area and a significant 

reduction in H, and the discontinuity appears in the H curve. As a result, to keep 
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coincidence with elastic modulus, hardness was measured over the same range √𝐴𝑐/hf < 

1.0. Measurements on non-porous low-k dielectric samples show the same trend. There is 

no difference between porous and non-porous samples. 

 

Figure 3-10 Measured hardness (H) of pristine a-SiOC:H thin film (k=2.55, porosity is 

approximately 15%.) as a function of √𝑨𝒄/hf. [19] 

3.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopic technique that can probe electronic states and can give insight into the 

chemical and atomic composition of a material.[32] By irradiating a material with a beam 

of X-rays while simultaneously measuring the kinetic energy and number of electrons that 

escape from the material, an XPS spectrum can be obtained as a function of electron 

binding energy by using the equation of Ebinding = Ephoton - (Ekinetic + φ),[33] where Ebinding is 

the binding energy (BE) of the electron, Ephoton is the energy of the X-ray photons, Ekinetic 

is the kinetic energy of the emitted electron as measured with the instrument and φ is the 

work function dependent on both the spectrometer and the material. The work function 
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term φ is an adjustable instrumental correction factor that accounts for the few eV of kinetic 

energy given up by the photoelectron as it becomes absorbed by the instrument's detector. 

It is a constant that rarely needs to be adjusted in practice and is always known for 

commercial XPS systems.[32] Because these experimentally determined BEs are 

characteristic of specific elements, they can be directly used to identify experimentally 

measured peaks of a material with unknown elemental composition.[32,33] 

In this work, a Thermo Scientific K-alpha XPS system, equipped with an Al Kα X-

ray source (Ephoton = 1486.7 eV) [34], is used. It consists of a full 180-degree hemispherical 

analyzer (HSA) (125 mm mean radius), as shown in Figure 3-11. The emitted electrons 

from the sample surface can be transferred through the apertures and focused onto the 

energy-analyzer entrance slit. Electrostatic fields within the hemispherical energy analyzer 

are established to allow electrons of only of a given energy (the so called Pass Energy) to 

arrive at the detector slits and onto the detectors themselves. The energy resolution of the 

analyzer (ΔE, with a unit of eV), depends on the width of the entrance slit (W, with a unit 

of m), the mean radius of the hemispherical energy analyzer (R, with a unit of m), the pass 

energy (Ep) of the analyzer, and the acceptance angle (α, defined as the incident angle of 

the electrons on the detector surface). The relationship between these quantities to obtain 

the energy resolution is  ΔE = Ep(W/2R + α2/2).[32] In this system, an absolute resolution 

of less than 0.5 eV can be achieved by setting the pass energy to be 21 eV. A combined 

low-energy electron/ion flood source is also available for charge neutralization, which is 

important for measurements on dielectrics [35], as will be detailed in the following 

chapters. Specific measurements from this system include: core-level XPS, valence-band 
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XPS, and XPS depth profile. All of these are utilized to measure the effects of VUV 

irradiation on Cu/low-k interconnects, as will be discussed in Chapter VI of this thesis. 

 

Figure 3-11 Schematic diagram of the XPS hemispherical energy analyzer. 

3.4.1  Core-level X-ray Photoelectron Spectroscopy 

Core-level XPS is normally employed to identify each element that exists on the 

surface or just below the surface (from the surface to 10 nm below the surface) of the 

material.[36] Characteristic peaks of the measured spectrum correspond to the electron 

configurations of the core-level electrons within the atoms, e.g, 1s, 2s, 2p, 3s, etc. The 

number of detected electrons at each of the characteristic peaks is directly related to the 

concentration of that particular element within the XPS sampling volume.[36] In a solid, 

inelastic scattering events also contribute to the photoemission process, generating 

electron-hole pairs which show up as an inelastic tail on the high BE side of the main core-

level photoemission peak.[37] Therefore, core-level XPS can also be used to analyze the 

effects of inelastic collisions that occur during excitation and emission of electrons from 

https://en.wikipedia.org/wiki/Electron_configuration
https://en.wikipedia.org/wiki/Electron_configuration
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the sample. These inelastic processes include band-to-band electronic transitions and 

plasmon excitations.[38] This can either be a final-state effect caused by core-hole decay, 

which generates quantized electron-wave excitations in the solid (intrinsic plasmons), or it 

can be due to excitations induced by photoelectrons travelling from the emitter (the 

electron-occupied valence band) to the surface (extrinsic plasmons).[37,38] Analysis of 

these inelastic processes can be used to determine the bandgap energy near the surface of 

the dielectric. This method has been used to measure the bandgap narrowing occurring in 

the low-k a-SiOC:H thin films as will be discussed in Chapter VI of this thesis. 

Figure 3-12 is an example showing the inelastic-loss spectra near the O 1s core-

level peak collected from SiO2, in which the data was measured by Michael Nichols.[39] 

The location of the O 1s core-level peak was determined to be 533.6 eV. As illustrated in 

Figure 3-12, by fitting a straight line to the inelastic loss spectra (the solid line) and 

extrapolating this to intersect with the background level (dashed horizontal line), the onset 

of inelastic losses is found to occur at 542.4 eV. Using the measured O 1s core-level peak 

energy of 533.6 eV, the bandgap energy was calculated to be Eg =8.8 eV, which is in good 

agreement with the literature-reported value [39]. It should be noted that though any core-

level spectra of the material will exhibit the same inelastic losses, the O 1s core-level XPS 

peak was chosen here because of its higher cross section for absorption of X-ray photons 

and correspondingly higher photoelectron intensity, so that a sufficient signal-to-noise ratio 

can be achieved with suitably high resolution.[39] 
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Figure 3-12 The inelastic-loss spectra near the O 1s core-level peak collected from 

SiO2.[39] 

The accuracy of this method can be ~ 0.5 eV or less if the electron density in the 

valence band near the surface is laterally homogeneous. [16,35] The largest source of error 

is from uncertainty in the process of linear extrapolation of the inelastic-loss spectra rising 

edge. By employing the same methods, the bandgap energy of various low-k a-SiOC:H 

have been successfully measured.[35],[39] 

3.4.2  Valence-band X-ray Photoelectron Spectroscopy 

Valence-band XPS measurements have emerged as a useful technique because the 

spectra are essentially proportional to the total density of states (DOS).[40],[41] A 

knowledge of the valence-band DOS and/or the valence-band edge (VBE) of a material 

can yield considerable information about that material's electronic-band structure, which is 

of fundamental importance for a dielectric in measuring its properties and possible 
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conduction mechanisms.[41,42] In this work, valence-band XPS has been measured on 

various low-k a-SiOC:H thin films before and after processing and is used to obtain the 

valence-band edge of the samples. 

Figure 3-13 shows the valence-band XPS measured on dense a-SiOC:H (k=3.2) 

thin films, in which the “0” binding energy corresponds to the energy of the Fermi level. 

The low binding-energy region (0-20 eV) contains the “valence band” which typically 

consists of electrons that are shared between atoms in chemical bonds. By making a linear 

fit to the rising edge of valence band XPS spectra and extrapolating this to intersect with 

the background level, as depicted in the inset in Figure 3-13, the valence-band edge of the 

material can be determined.[35] The uncertainty of this method can be less than 0.1 eV. 

For an a-SiOC:H (k=3.2) film, the VBE is approximately 4.1 eV below the Fermi level, 

which is reasonable for undoped intrinsic materials with a measured bandgap of 8.1 eV 

[43]. 
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Figure 3-13 Valence-band XPS measured on a-SiOC:H thin film. 

3.4.3  XPS Depth Profile 

A depth profile of the sample in terms of XPS quantities can be obtained by 

combining a sequence of ion-gun sputter cycles interleaved with XPS measurements from 

the surface. To investigate the depth profile, an ion gun is used to sputter the material for a 

period of time before being turned off. The XPS spectra are acquired during this off time. 

Each ion gun sputter cycle exposes a new surface, and the XPS spectra provide the means 

to analyze the composition of these surfaces. The actual depth for each XPS analysis is 

dependent on the sputter-rate of the ion-gun, which in turn depends on the material and 

also the ion energy and flux generated from the ion gun.[44] 

In this work, XPS depth profiles are used mainly to characterize the Cu migration 

into low-k a-SiOC:H thin films. If Cu diffuses/drifts into low-k a-SiOC:H, the distribution 

of Cu can be explored by measuring its relative concentration as a function of depth. Figure 
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3-14 is one example of the XPS depth profile measured on a 100nm porous a-SiOC:H 

(porosity is 35%) deposited on Cu with and without an additional a-SiCN:H capping layer. 

 

 

Figure 3-14 XPS depth profile of (a) 100nm porous a-SiOC:H deposited on a layer of 350 

nm Cu; (b) 100 nm porous a-SiOC:H deposited on a layer of 350 nm Cu with 4 nm a-

SiCN:H capping layer. Inset shows the schematic of the sample structure utilized.[44] 

Following is more information about the XPS depth-profile measurements used in 

this work. The energy of the ions generated by a monochromatic argon ion gun is 1.5 keV 

and the ion-beam current is 15 μA/cm2, enabling a measured material removal rate of about 

0.2 nm/s. The depth profile was obtained by scanning over an area of about 1.5mm × 

1.5mm to ensure a laterally homogeneous ion-current distribution. The sample is rotated 

during sputtering to minimize sputter-induced roughening. For each sputter step, the 

sputtering time was 15 seconds, enabling a depth resolution of 2 nm to 3 nm, depending 

on the porosity of the a-SiOC:H. 
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3.5 Fourier-Transform Infrared Spectroscopy 

Fourier-transform infrared (FTIR) spectroscopy is a well-established analytic 

method used to investigate the chemical composition of organic or inorganic materials, 

along with the analysis of the bonding types, the structure, and the interface phenomena. It 

has the major advantages of rapid and nondestructive analysis, high resolution and 

sensitivity, self-calibration, mechanical simplicity, extreme accuracy and reproducible 

results. All of these make the FTIR technique well suited to detect changes of the chemical 

structure of bulk low-k organosilicates, as well as adsorbed water in dielectric materials. 

Because of these features, FTIR spectroscopy is the most widely used method of blanket 

low-k film damage assessments. It has been demonstrated, for example, in refs. [45] and 

[46]. 

A detailed instrumental diagram of a single­beam FTIR is shown in Figure 3-15. 

An IR source that can be adjusted to operate in the near region (12800-4000 cm­1), the mid 

region (4000­200 cm­1) or the far region (200­10 cm­1) sends infrared (IR) light into an 

interferometer where it travels through the beam splitter to a fixed or movable mirror. Once 

the IR light impacts a mirror, the IR light travels into the sample compartment and into the 

IR transducer. The two beams produced by the beam splitter interact with each other 

producing an interferogram. Once the combined signal has entered the transducer, the 

interferogram is Fourier transformed into a spectrum. The laser is used as a calibration 

technique for the movable mirror in the interferometer. 
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Figure 3-15 Diagram showing the layout of commercial FTIR spectrometer.[47] 

The most common interferometer used in FTIR spectroscopy is a Michelson 

interferometer, as shown in Figure 3-16. When the coherent infrared light with wavelength 

λ travels to the beam splitter, it is split into two beams. After which, one beam is reflected 

by a stationary mirror with a fixed path length and the other beam is reflected by a moving 

mirror that moves over a distance Δl. Thus, the moving mirror reflects the second beam 

with a specific phase with respect to the first beam, and the phase changes as a function of 

mirror position. The difference in the path lengths is called the optical path difference or 

retardation (δ). The two beams are recombined at the beam splitter and then interfere 

constructively (δ = nλ, where n is an integer) and destructively (δ = nλ/2, where n is 

odd).[48] For each λ, one obtains a sinusoidal signal as a function of mirror position. An 

interferogram, which is the retardation (δ) plotted against the signal intensity of the detector, 

will then get Fourier Transformed and generate a spectrum. By choosing the interferogram 



109 

 

 

 

of the beams reflected from the sample or transmitted through the sample, reflectance or 

transmission FTIR spectroscopy can be obtained. 

 

Figure 3-16 Schematic diagram of a Michelson interferometer.[49]  

In this research work, a Thermo Nicolet Magna 550 series II FTIR spectrometer 

with a mid-IR source (4000-400 cm-1) is used. During the measurement, the sample 

compartment is purged with dry nitrogen, to minimize contamination, such as moisture, 

from the ambient or reactive gases. A calibration is also applied to each measured spectrum 

minimizing the effects from H2O and CO2 in the light path. Before each measurement, it is 

important to monitor the C=O bond peak (around 1740 cm-1) from the FTIR spectrum to 

make sure that the CO2 level is low enough for accurate measurement. For low-k a-SiOC:H 

dielectrics, we are mostly interested in Si-related and C-related chemical bonds (as well as 

water-related bonds).  We need to determine their intensities, peak widths and area ratios 

http://www.gmi-inc.com/nicolet-magna-550-series-ii-ftir.html
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(which is defined as the ratio of the area under the peak of FTIR spectrum) before and after 

any plasma-processing steps. Table 3-1 is a summary of the FTIR peak values of the 

various chemical bonds that could exist in a-SiOC:H based on the work of Grill et al. [45] 

and Das et al.[46] 

Table 3-1 FTIR band peaks in terms of their atomic-unit configuration, observed 

wavenumber, and vibrational mode: v = stretching, δ = bending, ρ = rocking, a = 

antisymmetric and s = symmetric. Data from Reference [45] and [46]. 

Chemical Group Wavenumber (cm-1) Mode 

Si-OH 3620 vs O-H 

Absorbed H2O 3385 vs O-H 

sp3 -CH3 2965 va C-H 

 2875 vs C-H 

sp3 -CH2 2930 va C-H 

 2860 vs C-H 

sp3 -CH 2910 vs C-H 

O3Si-(CH3) 1270 δs CH3 

O2Si-(CH3)2 1260 δs CH3 

Si-O-Si cage structure bonding 

angle > 144o 
1140 va Si-O-Si 

Si-O-Si network structure 

bonding angle ~ 144o 
1060-1065 va Si-O-Si 

Silicon suboxides bonding angle 

< 144o 
1035 va Si-O-Si 

Si-OH 920 vs Si-OH 

H-SiO3 890 δ H-Si-O 

Si-(CH3)3 ~850 v Si-C; ρa CH3 

Si-O-Si network smaller angle ~800 v Si-O-Si 

Si-(CH3)2 ~800 v Si-C; ρa CH3 

Si-(CH3)2 ~760 
v Si-C, ρ Si-CH3; 

ρa CH3 

Si-O-Si network and ring opening  450 ρ Si-O-Si 
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3.6 Electrical Characterization 

In this work, a Metal-Insulator-Semiconductor (MIS) structure is used for electrical 

characterization of the low-k a-SiOC:H thin films, which are deposited directly on a 300-

mm diameter Si wafer. These structures are designed to closely mimic a parallel-plate 

capacitor comprised of a metal electrode, the low-k dielectric material under test, and the 

Si semiconducting substrate. A solid pin probe from a probe station (Signatone S-1160) 

was used to make separate electrical contacts at the top metal electrode and the bottom 

semiconducting electrode so as to facilitate leakage current and TDDB measurements. 

Figure 3-17 shows an optical micrograph of the deposited metal electrodes and a 

cross section of the MIS structures. The metal electrode is deposited on top of the low-k 

dielectrics using e-beam evaporation. The electrode patterns are defined using 

commercially available transmission electron microscope (TEM) grids that have a 

hexagonal-array pattern. The area of each hexagon is about 2.8 x 10-4 cm2. The deposited 

metal electrode has two layers, as shown in Figure 3-17. The bottom layer is 100 nm of 

titanium (Ti) and is directly in contact with the a-SiOC:H. Since the diffusivity of Ti into 

a-SiOC:H is much smaller than that of Cu, utilizing Ti electrodes can effectively avoid 

contamination of low-k dielectrics from metal diffusion. On top of the 100 nm Ti layer, a 

200-nm layer of silver (Ag) is deposited using the same hexagonal-array-patterned mask. 

The purpose of this 200-nm Ag layer is to minimize the physical-stress pressure from the 

sharp pin probe during electrical test, because low-k a-SiOC:H thin films usually have 

weak mechanical strength. This external physical stress could cause damage resulting in 

higher leakage currents and lowering of the breakdown voltage. 
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Figure 3-17 Hexagonal pattern of the metal layer on top of the dielectric film and the MIS 

structure used for electrical characterization test. 

Metal-Insulator-Metal (MIM) testing structures are also used in this work for 

measurements on low-k/Cu thin film stacks, as illustrated in  

Figure 3-18, in which there is layer of 100-nm thermally grown SiO2 on top of the 

Si substrate. Thus, the previously described MIS test structure does not work. Because Cu 

was found to diffuse into low-k organosilicates after deposition of Cu electrodes on the a-

SiOC:H using either e-beam evaporation or sputter deposition [50], the sample preparation 

procedure was optimized as follows. First, 100 nm of SiO2 was thermally grown as an 

adhesion layer on the Si wafer. Next, a Ta/TaN barrier layer was deposited on the SiO2 

followed by electroplating a layer of Cu.  Then, the Cu layer was chemically-mechanically-

polished (CMP) to 350 nm and the surface of the Cu was treated with H2 plasma to remove 

the Cu corrosion inhibitors and to reduce Cu surface oxides formed by ambient exposure. 

Finally, the a-SiOC:H thin film (k=3.2, density 1.5g/cm3) was deposited at a thickness of 

100 nm on the Cu film at temperatures of the order of 400 oC using a standard commercially 

available 300-mm PECVD tool. Additional details concerning PECVD processing and 
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thin-film measurements have been previously reported.[43,51] These low-k/Cu stacks are 

well suited to study Cu migration into low-k a-SiOC:H from VUV irradiation. 

The MIM structure is fabricated as follows. (1) the top electrode is still the hexagon-

patterned Ti/Ag metal dot, which is identical to the one used in the MIS structure as 

discussed above, (2) the bottom electrode is a Cu layer underneath the low-k organosilicate, 

which is formed by sputtering the low-k a-SiOC:H thin film using the 3 keV ion gun from 

the XPS system. 

 

Figure 3-18 (a) MIM structure used for electrical characterization test of a-SiOC:H 

deposited on a 350-nm Cu layer.  The Cu layer was plated on a Si wafer above a Ta/TaN 

barrier layer and a 100-nm thermal-grown SiO2 adhesion layer. (b) Top view of the Cu 

electrode generated on the film stack by ion sputtering, with a size of 4 mm × 2mm. 

Figure 3-18 (b) shows the top view of the Cu electrode generated on the film stack 

by ion sputtering, with a size of 4 mm × 2 mm. This MIM structure, electrically in contact 

with the pin probes, enables one to make the I-V, C-V and TDDB measurements on a-

SiOC:H by taking account of the effect of Cu migration, because Cu can diffuse into the 
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dielectric because of the concentration gradient at the Cu/dielectric interface. It should be 

noted that the 100 nm a-SiOC:H thin film is dense a-SiOC:H and is considered to be a 

candidate low-k capping layer. The MIM structure illustrated here has also been used to 

measure the samples with a-SiCN:H capping layers. We observed that under the bias-

temperature-bias (225 oC, 2.5 MV/cm) over 5 hours, Cu can penetrate through a 10 nm 

capping layer of a-SiCN:H and enter into the bulk of low-k dielectric, which will be 

described in details in Chapter V. 

It should also be noted that through it can make rapid, non-destructive contacts on 

a sample for electrical characterization, a mercury probe is not suited for electrical testing 

on the porous low-k organosilicates, because recent work found that mercury can easily 

diffuse into the low-k organosilicates under electrical bias and cause sample contamination 

and degradation of their electrical properties[52]. 
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Chapter IV 

 

 

 

VUV-induced Damage to Low-k Organosilicates 

 

In this Chapter, the effects of VUV photon-irradiation-induced changes to low-k a-

SiOC:H organosilicate thin films are investigated. As detailed in Chapter III, use of a 

synchrotron beamline as a VUV photon source enables one to measure the VUV-induced 

damage to low-k organsilicates as function of photon energy. First, modifications to 

mechanical properties of a-SiOC:H thin film from VUV irradiation are examined using 

nanoidentation. The damage mechanisms are determined based on the FTIR and XPS 

measurements. Next, VUV-induced leakage currents and moisture uptake in organosilicate 

films are investigated. The goal of this chapter is to clearly determine the effects of VUV-

irradiation on intrinsic low-k a-SiOC:H organosilicates. In particular, VUV-induced 

mechanical modifications will be emphasized. Finally, this chapter will attempt to elucidate 

the mechanisms of energy-dependent damage effects from VUV irradiation. 
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4.1 VUV-induced Mechanical Modifications 

The object of this section is to measure VUV-induced modifications to the 

mechanical properies of porous low-k a-SiOC:H organosilicates, and how this compares 

with energetic charged-particle-induced damage during plasma processing. To determine 

this, nanoindentation tests, as detailed in Chapter III, were made on a variety of a-SiOC:H 

samples after exposure to VUV photons from a synchrotron or to an ECR argon plasma. 

Changes of hardness (H), elastic modulus (Es) and crack threshold (CT) were measured. 

Crack threshold is defined as the ratio of the indentation depth to the film thickness at 

which crack is observed for the first time to the film thickness. 

Monochromatic photon exposures were made at the University of Wisconsin 

Synchrotron Radiation Center and the Taiwan National Synchrotron Radiation Research 

Center using an apparatus described in the previous chapter. Photon energies were 

specifically selected to mimic those emitted by plasmas used to low-k processing, as listed 

in Table 4-1. 

Table 4-1 Summary of the VUV photon energy used to examine the VUV-induced 

damage. 

Photon Energy VUV Spectral Line 
Plasma Feed 

Gas 
Photon Fluence 

6.1 eV 202.6 nm C2F6 4 × 1015 photons/cm2 

10.2 eV 121.6 nm CHF3 4 × 1015 photons/cm2 

11.8 eV 104.8 nm Ar 4 × 1015 photons/cm2 
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Photons of 11.8 eV energy were used to mimic the strong VUV argon lines at 104.8 

nm and 106.6 nm.[1,2] Photons of 10.2 eV energy were used to mimic a CHF3 discharge 

(trifluoromethane, a typically used feed gas for low-k dielectric etch). Such a discharge 

emits a strong VUV hydrogen line at 121.6 nm. [2] Photons of 6.1 eV energy were used to 

mimic C2F6 discharges (hexafluoroethane, another typically used feed gas for low-k 

dielectric etch). This discharge emits a strong VUV carbon-fluorine line at 202.6 nm, as 

summarized in the following table.[2] For each irradiation, the total photon fluence 

impinging on the sample was approximately 4 × 1015 photons/cm2, which is close to those 

produced during typical plasma processing.[2,3] 

4.1.1  Mechanical-Property Changes Produced by VUV Irradiation 

The low-k organosilicates used here are 640-nm porous a-SiOC:H (k=2.65). These 

were produced with a plasma-enhanced chemical-vapor-deposited (PECVD) process on 

<100> p-type silicon wafers. The deposition took place in a capacitively coupled plasma 

reactor utilizing a 13.56 MHz RF source in the presence of several inert and reactive gases 

with an organosilane precursor. The thickness of 640 nm was chosen because it can lower 

the effects from the underlying Si substrate during nanoindentation testing. 

After VUV exposure, nanoindentation tests were carried out at room temperature 

on these low-k dielectrics using a Hysitron TriboIndenter® equipped with a diamond 

Berkovich tip and operated in open-loop control. Stone’s elastic model[4] was applied to 

the measured results to minimize the effects from the Si substrate, as has been discussed in 

Chapter III. Table 4-2 summaries the changes in the hardness (H), the elastic modulus (Es) 

and the film-crack threshold (CT) after VUV exposure, in which the percentage changes of 
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these properties were all calculated based on the same measurements made on the pristine 

(no exposure) samples. 

Table 4-2 Summary of the changes in hardness (H), elastic modulus (Es) and crack 

threshold (CT) of a-SiOC:H after VUV exposure of several energies. The percentage 

changes of the VUV-exposed samples were calculated based on the results of pristine (no 

exposure) samples. Data in the table has been published as in Reference [3]. 

sample 
VUV 

exposure 

Hardness 

(GPa) 

Elastic Modulus 

(GPa) 

Crack 

threshold  

a-SiOC:H no exposure 0.35 ± 0.02 5.5 ± 0.2  0.66 

a-SiOC:H 6.1 eV 0 ± 1 % 0 ± 1 % 0 ± 2 % 

a-SiOC:H 8.0 eV 1 ± 1 % 0 ± 1 % 0 ± 2 % 

a-SiOC:H 8.5 eV 8 ± 1 % 3 ± 1 % 6 ± 2 % 

a-SiOC:H 11.8 eV 12 ± 1 % 4 ± 1 % 8 ± 2 % 

 

From Table 4-2, it is observed that VUV-irradiation with energies of 10.2 and 11.8 

eV increases the film hardness by 11% and 12%, respectively, and it also increases the film 

elastic modulus by 3% and 4%, respectively. For the crack threshold, which is defined as 

the ratio of indentation depth to film thickness at which cracking is observed for the first 

time [5], increases of 9% and 8%, respectively, were observed for these samples. However, 

after VUV-irradiation with photons of energy 6.1 eV and fluence of 4 × 1015 photons/cm2, 

the film hardness and modulus were almost unchanged, suggesting that VUV-induced 

mechanical modifications to low-k a-SiOC:H thin films, including hardness, elastic 

modulus and crack threshold, are energy-dependent. As will be discussed in the following 

text of this Chapter, the VUV-induced chemical changes and electrical modifications have 

also shown this energy dependence.  
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Usually the mechanical properties of the film are related to the skeleton structure 

of the material. The variations of the hardness and/or elastic modulus indicate the 

occurrence of structural changes.[6],[7],[8] Thus, to confirm the nature of the Si-O, Si-C 

and C-O/H chemical bond structures in the films after VUV irradiation by photons of as a 

function of photon energy, FTIR and XPS measurements were made on the samples after 

VUV exposure, as will be discussed in the following material. 

 

4.1.2  Chemical Analysis of Damage Mechanisms 

Figure 4-1 shows the differential FTIR spectrum of the a-SiOC:H after VUV 

irradiation with several photon energies.  This was obtained by subtracting the FTIR 

spectrum of a pristine sample from that of a VUV-exposed sample. After both 10.2 eV and 

11.8 eV photon irradiation, structural rearrangements (conversion of the Si-O-Si chemical 

bonds from cage structure to network structure, carbon depletion and also decrease of Si-

OH bonds) are observed in the spectra, as evidenced by the significantly decreased bond 

densities of Si-(CH3)n (1250~1280cm-1, 760~870cm-1), Si-O-Si cage (~1130cm-1) and Si-

OH (890~990cm-1) structures in a-SiOC:H films. 
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Figure 4-1 Differential FTIR spectrum of VUV-irradiated a-SiOC:H organosilicates with 

several photon energies. Here ‘S’ corresponds the bending vibrational mode and ‘’ 

corresponds the stretching vibrational mode.[3] 

On the other hand, an increase in the peak intensity of the Si-O-Si network 

(~1063cm-1) and the Si-O-Si suboxide (~1023cm-1) structures after both 10.2 eV and 11.8 

eV photon irradiation was seen. However, for a 6.1 eV exposed sample, only the bond 

densities of Si-(CH3)n (1250~1280cm-1, 760~870cm-1) were found to decrease. Since both 

the film hardness, elastic modulus and crack threshold did not change for 6.1 eV exposed 

a-SiOC:H, one can conclude that Si-(CH3)n bonds do not affect the mechanical properties. 

Thus, the increased mechanical properties including the hardness, elastic modulus and 

crack threshold, as observed in the 10.2 and 11.8 eV exposed samples, should come from 

the increased concentration of the Si-O-Si network and suboxide structures. This agrees 

with A. Grill’s report [9] that the methyl group (-CH3) is only attached to Si as a terminal 
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group and not bridged to a network structure. Thus, the mechanical property changes in the 

film must be related to the Si-O-Si skeleton structure, which is usually defined as the series 

of atoms bonded together that form the essential structure of the compound and are referred 

to the Si-O-Si structure for low-k a-SiOC:H thin films.[10] (A skeletal structure of a 

compound is q series of atoms bonded together that form the essential structure of the 

material.) 

As can be seen from the differential FTIR in Figure 4-1, the Si-O-Si skeleton 

structure changes can be described from two aspects: (1) conversion from cage structures 

to network structures; (2) formation of new crosslinked Si-O-Si structures from reactions 

of non-crosslinked structures. 

For the conversion from cage structures to network structures, it has been reported 

that in organosilicates, deep UV radiation with a wavelength shorter than 150 nm (Ephoton 

> 8.26 eV) can induce a structural rearrangement by converting the existing Si-O-Si cage 

type structure (Si-O-Si bond angle is 150o or greater) into a Si-O-Si network type structure 

(Si-O-Si bond angle is 144o).[11],[12] This structural rearrangement can only be initiated 

by UV/VUV irradiation with wavelengths shorter than the absorption edge of the Si-O-Si 

network, because only VUV photons with energy larger than the Si-O-Si bond strength can 

rearrange the bond structure.[3] This threshold of photon energy coincidentally 

corresponds with the Si-O bond dissociation energy (8.3 eV). That means only photons 

with energy higher than 8.3 eV can trigger the Si-O2 bond (known as the silica bond) 

conversion from the Si-O-Si cage structure to the Si-O-Si network structure. 
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Figure 4-2 shows a schematic for the Si-O-Si cage structure and the Si-O-Si 

network structure. Of the two bond states, the Si-O-Si network structure (cross-linked 

ladder and linear-chain structures), as illustrated in Figure 4-2, is more energetically stable 

than the cage structure. The relative amounts of cage-type and network-type bonding 

structures affect mechanical properties such as hardness and modulus.[3] Higher network-

type bond concentrations tend to produce a higher-modulus film. Thus, the film mechanical 

properties change because the concentration of energetically stable network structures 

within the film increases after irradiation. 

 

Figure 4-2 A generalized schematic for the Si-O-Si bond struetures: (a) Cage structure; (b) 

Network structure (cross-linked ladder and linear chain structures). R in the figure 

represents the -CH3 (methyl group). [13],[14] 

For the formation of new bridging Si-O-Si structures from reactions with non- 

bridging structures, two mechanisms have been proposed when using VUV photons expose 

the low-k organosilicates:[12], [15] (a) a photon-assisted reaction of one silanol and one 

methyl group, as shown in Equation (4-1) [12], or (b) a condensation reaction of two silanol 

groups, as shown in Equation (4-2) [15]: 
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O3≡Si-OH + H3C-Si≡O3 + hν → O3≡Si-O-Si≡O3 + H+ + CH3
+,                  (4-1) 

O3≡Si-OH + HO-Si≡O3 + hν → O3≡Si-O-Si≡O3 + H+ + OH-,                    (4-2) 

Both of these photon-assisted reactions, as illustrated above, increase the number 

of bridging ≡Si-O-Si≡ bonds by depleting either the non-bridging ≡Si-OH bonds or the 

≡Si-CH3 bonds. As a result, the degree of crosslinking in the films is increased and causes 

the mechanical property changes. It is not clear which reaction mechanism is dominant 

inside of low-k a-SiOC:H when exposed to high-energy VUV photons. However, since 

both reactions include the silanol group (-Si-OH), they need the high-energy VUV photons 

to dissociate the Si-O bond first and then the reactions are triggered by the VUV-

dissociated Si-O bond, which has a lower activation energy than that of Si-O bond without 

VUV exposure.[3]. It is plausible that there is a threshold photon energy for VUV-induced 

mechanical property changes and it corresponds to the dissociation energy of Si-O 

chemical bond (8.3 eV). Thus, only photons with energies larger than this threshold can 

cause mechanical property changes. 

To further verify this threshold energy, 8.0 eV VUV photons (which are lower in 

energy than the 8.3 eV dissociation energy of the Si-O bond) and 8.5 eV photons (which 

are slightly higher in energy than 8.3 eV), were used to irradiate the sample with the same 

fluence. The reason we chose 8.0 eV and 8.5 eV is because near 8.3 eV, the energy 

resolution of the VUV beam from the synchrotron is ~0.1 eV, as discussed in Chapter III, 

and a step of 0.2 eV can make sure that there is minimal energy overlap during VUV 

irradiation. The measured mechanical-property changes are also listed in Table 4-1 

Summary of the VUV photon energy used to examine the VUV-induced damage. It can be 
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seen that after 8.0 eV photon irradiation, no obvious changes in film hardness, modulus 

and crack threshold were observed, just as was the case for the 6.1 eV photon-irradiated 

samples. However, after 8.5-eV photon irradiation, the film hardness was found to increase 

8% and the elastic modulus and crack threshold increased 3% and 6% respectively, which 

is comparable to that found for 10.2 and 11.8 eV photon-irradiated samples. Therefore, one 

can conclude that VUV photons with an energy of 8.3 eV (the dissociation energy of the 

Si-O chemical bond) or higher can cause changes of the mechanical properties in a-SiOC:H 

thin film, while VUV photons with energy less than 8.3 eV do not have this effect as 

discussed above. 

Figure 4-3 shows the XPS spectra of the O 1s, C 1s and Si 2p electron orbitals of 

a-SiOC:H thin films after VUV irradiation with a range of photon energies. No significant 

changes were seen for 6.1 eV exposed a-SiOC:H except some mild carbon depletion, 

compared with a pristine sample.  For 10.2 and 11.8 eV photon-irradiated samples, both 

the Si 2p core-level peak and O 1s core-level peak shift to higher binding energy. This is 

seen as follows. Deconvolution of the Si 2p and O 1s peaks by Gaussian fitting, as shown 

in Figure 4-3, indicates an increase in the concentration of the bridging Si-O-Si bond 

structures (102.5 eV [16]) and the enhancement of degree of crosslinking inside of a-

SiOC:H samples. This occurs because the Si 2p XPS peak of the bridging Si-O-Si bond is 

at 102.5 eV while the Si 2p peak of the non-bridging bond is at 101.4 eV, and thus the 

shifting of the Si 2p peak to higher energy indicates an increase of the bridging Si-O-Si 

bonds. This further corroborates the proposed structural rearrangement generated within 

the dielectrics as described earlier and illustrated in Equation (4-1) and Equation (4-2). 
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Figure 4-3 XPS spectra showing the changes of the O 1s, C 1s and Si 2p electron orbitals 

of as-deposited samples after synchrotron irradiation with several photon energies. The 

dashed lines are the decomposition results after fitting the spectrum with the Gaussian 

peaks of the unexposed samples. 

It should be noted that in real plasma-processing steps, like dual-damascene etch, 

the mechanical changes produced by VUV photons might be not uniform in the vertical 

direction because the photon fluence on the dielectric surface is always larger than that in 

the bulk [17]. These non-uniform mechanical changes can generate physical stresses that 

are accumulated inside of the material and cause reliability issues, such as increased 

leakage currents and shortened time-dependent breakdown times. It should also be noted 

that no significant compositional change or film densification was observed in this case. 

This is quite different from plasma-induced Si-O-Si structural rearrangements, as will be 

discussed as follows. 
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4.1.3  Comparison with Ar Plasma Exposed a-SiOC:H 

The same measurements were carried with Ar ECR plasma exposure on a-SiOC:H 

samples to examine the plasma-induced mechanical property changes and to compare the 

modifications from energetic ions and VUV photons. The separation between them is 

explained as follows. (1) In an Ar plasma, we have VUV and ions. We already studied and 

know how VUV affects the mechanical properties of a-SiOC:H. The difference of 

mechanical properties between VUV-exposed and Ar-plasma-exposed samples must come 

from ions. (2). In an Ar plasma, the RF-induced bias can be adjusted to measure the ion-

induced mechanical properties change as a function of ion energy. 

The work in this section is important because (1) results about reported plasma-

induced damage from recent work are not consistent: Vanstreels [18] reported that He/H2 

plasma exposure results in a decrease in both hardness and elastic modulus of a-SiOC:H, 

while Broussous et al. [19] observed increased hardness and elastic modulus after He 

plasma exposure  It is likely that the difference in results can be explained because the 

separation of the roles of different components in the plasma was not determined. 

However,, the work in this thesis does make this separation and night help to answer why 

they are contrary results.  (2) few other works have separated the roles of energetic ions 

and VUV photons when examining the effects of plasma exposure on the mechanical 

properties of low-k materials. 

Plasma exposures were made in an electron-cyclotron-resonance (ECR) plasma 

reactor operating with a 400 W, 2.45 GHz microwave power source and 875 Gauss 

magnetic field, as described previously. The sample chuck was located approximately 30-
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cm downstream from the resonant layer. The chuck can be biased using a 100 W radio-

frequency (RF) source and an L-type matching network. By varying RF-bias power, a DC 

bias in the range of 0 to -100 V can be placed on the sample chuck, through which control 

of the ion-impact energy from the plasma can be accomplished.[3] When there was no bias, 

the sample surface had a floating potential near zero and the typical energy of ions that 

reached the film surface was relatively low (10 to 40 eV).[20] In contrast, under -100 VDC 

bias, the ion bombardment energy was more than one-hundred eV. Nanoindentation tests 

were made on the plasma-exposed samples following the same procedures. The measured 

results are listed in Table 4-3. 

Table 4-3 Summary of the changes in hardness (H), elastic modulus (Es) and crack 

threshold (CT) of a-SiOC:H after Ar plasma exposure. 

sample exposure 
% changes in 

hardness 

% changes in 

modulus 

% changes in 

crack threshold 

a-SiOC:H none 0 0 0 

a-SiOC:H plasma no bias 16 ± 1 4 ± 1 12 ± 2 

a-SiOC:H plasma -100V bias 23 ± 1 6 ± 2 16 ± 2 

 

As can be seen, after plasma exposure (no bias), there is a 16% increase in hardness, 

a 4% increase in modulus and a 12% increase in the crack threshold, compared with that 

for a pristine a-SiOC:H sample. For samples exposed to a -100 VDC r.f. bias, the hardness 

increased by 23%, the modulus increased by 6% and the crack threshold increased by 16%. 

Differential FTIR, as illustrated in Figure 4-4, show that the bond intensities of the Si-O-

Si network (~1063cm-1), the Si-O-Si cage (~1130cm-1) and the Si-OH bond (890~990cm-

1) increased while those of the Si-(CH3) bond (1250~1280cm-1, 760~870cm-1) and the Si-

O-Si suboxide (~1023cm-1) structures decreased after Ar plasma exposure (both for no bias 
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and -100 VDC bias). These differential FTIR results agree with those observed by Shi et. al. 

[21], showing significant methyl depletion and a pronounced enhancement of the Si-O-Si 

network-bond structure. 

 

Figure 4-4 Differential FTIR spectrum of plasma-exposed porous organosilicate dielectric 

films with floating potential or a -100 VDC bias applied to the sample chuck.[3] 

It should be noted that the FTIR-bonding configuration changes might be produced 

from a synergy between the effects of energetic charged particles and VUV photons from 

Ar plasma.[3] Prager et al [11] pointed out that energetic UV/VUV photon irradiation can 

depopulate the Si-O-Si cage bond (Si-O-Si bond angle is 150o or greater) by forming a 

more energetically stable Si-O-Si network bond (with an Si-O-Si bond angle of 144o).  

However, our FTIR results show an increased Si-O-Si cage-bond intensity. Therefore, this 

infers that bombardment of energetic ions induces film-surface densification and is 

responsible for the increased Si-O-Si cage-bond density in the film surface. 
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These higher-energy ions can induce film densification in three ways[22]: (1) the 

physical bombardment of ions transfers their momentum to the Si-O-Si backbone 

structures and densifies them; (2) the concomitant densification of the Si-OH bonds 

induces film shrinkage; (3) impurity radicals/ions in the Ar plasma can react with or sputter 

off the -Si-CH3 groups on the porosity walls and can induce a collapse of the pore 

structures.[22] To confirm these proposed mechanisms, XPS was also performed on the a-

SiOC:H before and after plasma exposure, as shown in Figure 4-5. 

 

Figure 4-5 XPS spectra showing the changes of O 1s, C 1s and Si 2p electron orbitals of 

as-deposited samples after plasma exposure without bias or a -100 V DC bias applied to 

the sample chuck. 

In the Ar plasma-exposed samples, several changes were observed in these spectra. 

The intensity of the C 1s peak decreases after plasma exposure and the decrease is more 

significant in the -100 VDC RF-biased sample, indicating that energetic ions increase carbon 
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depletion in the film. This is consistent with the Si-CH3 peak decreasing in the FTIR results 

as described above. The Si 2p peak has a significant shift to higher binding energies. For 

an unbiased plasma-exposed sample, the Si 2p peak center moves to 102.8 eV. 

Deconvolution results show the Si-O4 bond (103.0 eV), as well as the Si-O3 bond (101.4 

eV) and the Si-Si-O3 bond (102.5 eV) are formed on the sample surface. For a -100 VDC  

RF-biased plasma-exposed sample, the Si 2p electron-orbital spectrum has a perfect 

Gaussian-shaped peak centered at 103.0 eV (Si-O4 bond) with a full width at half maximum 

(FWHM) of 1.81 eV, indicating that a Si-O-Si network-structure layer is formed at the 

sample surface. In addition, a significantly increased intensity, for both O 1s and Si 2p 

peaks, is observed, which indicates densification of the film surface. 

 

Figure 4-6 Physical model of ion bombardment-induced film bulk densification. 

Based on both FTIR and XPS results, it can be concluded that energetic ions affect 

the a-SiOC:H properties mainly through physical bombardment, during which the ions 

transfer their momentum to the Si-O-Si backbone and transform them to more stable Si-O-

Si network structures. In the meanwhile, the concentration of the Si-O-Si network 
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structures is increased. The mechanism for ion bombardment-induced film bulk 

densification is illustrated in Figure 4-6. Using an x-ray reflectivity (XRR) fitting based 

on multiple layer structures, Shi et al.[21] reported a “bulk” densified layer of 30 nm in 

plasma-exposed ultra low-k dielectric films (k = 2.2) with the film density increasing by 

20%, compared with the undensified layer at the film bottom. 

4.2 VUV-induced Leakage Currents 

The level of leakage currents under external DC electric bias is a very important 

parameter of low-k ILD thin films, because they are directly related to the device reliability 

and power consumption in the BEOL. An ideal metal-interconnect dielectric should exhibit 

excellent electrical-insulating properties with leakage currents typically < 10−8 A/cm2 (up 

to electric fields of 4-6 MV/cm)[23],[24] and dielectric breakdown strengths ≥  6-8 

MV/cm.[25],[26] For porous a-SiOC:H thin films, the leakage currents are highly 

dependent on the material structure, like bandgap energy[27], defect states/density etc. [28] 

They are also dependent on fabrication technology, such as the  deposition precursor[29], 

the porosity[30] and post UV curing [31], etc. Section 4.1 shows VUV-induced mechanical 

modifications to a-SiOC:H thin films. It is necessary to also examine the effects of VUV 

irradiation on the leakage currents in a-SiOC:H. 

A 100-nm a-SiOC:H (k = 3.2) thin film deposited on a Si wafer using PECVD was 

used for the leakage current measurements after VUV photon irradiation. The conditions 

of VUV irradiation are same as described in Section 4.1, where photon energies were set 

to 6.1 eV, 10.2 eV and 11.8 eV and total photon fluence was 4 × 1015 photons/cm2. Since 

the bandgap energy of the sample used here is measured to be around 8.0 eV,[32] it also 
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enables one to compare the leakage currents after VUV photon irradiation with energy less 

than the bandgap energy (6.1 eV) with that of photons with energies higher than the 

bandgap energy (10.2 eV and 11.8 eV). After VUV irradiation, a MIS structure, with the 

Ti/Ag electrode, was fabricated as described in Chapter III and used to get the I-V 

characteristics at room temperature. The voltage ramp rate was 1 V/s for all measurements. 

 

Figure 4-7 Comparison of leakage currents for pristine and VUV photon-irradiated a-

SiOC:H thin films for several photon energies. 

Figure 4-7 shows the leakage currents measured from both pristine and VUV 

photon irradiated a-SiOC:H thin film for several photon energies. These results are based 

on 10-time measurements on several spots on each a-SiOC:H sample. Over the entire range 

of electric fields analyzed, the 6.1 eV exposed samples were observed to have the same 

leakage current magnitude as that of the pristine samples. For samples irradiated with 10.2 

eV and 11.8 eV photons, an increased magnitude of leakage current was observed when 

electric fields were larger than 1.5 MV/cm. At the same time, the instantaneous breakdown 
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voltage was also observed to decrease for 10.2 eV and 11.8 eV photons exposed a-SiOC:H. 

For the pristine sample, the instantaneous breakdown voltage is around 7.0 MV/cm, while 

for 10.2 eV photons exposed a-SiOC:H, the breakdown voltage decreased to 5.7 MV/cm 

and for the 11.8 eV exposed sample, it decreased to 5.5 MV/cm. 

Similar results were also observed by Dongfei Pei in his recent work [33] on 

measuring the leakage currents of low-k ILD samples irradiated with 7 eV, 9 eV, 12 eV 

and 15 eV photons, in which he claimed that the leakage currents were related to VUV-

induced chemical defects inside of the a-SiOC:H thin films. The similar results were 

obtained for both low-k (Dongfei Pei) and dense (this work) a-SiOC:H films. The FTIR 

and XPS measurements on VUV-irradiated samples, as depicted in Section 4.1, also 

explain what is evidenced in the I-V characteristics.  That is,for 6.1 eV exposed a-SiOC:H, 

no significant changes were found in the chemical structures of a-SiOC:H; while for 10.2 

eV and 11.8 eV exposed samples, both -Si-OH and -Si-CH3 groups were damaged. 

For example, the generated H+ and OH− ions from the VUV photon-assisted 

reactions, as illustrated in Equation (4-2), can serve as charge carriers in low-k 

organosilicates. Due to their high mobility, they can easily cause increased electric-current 

leakage as the density of the defects inside the low-k dielectrics increase. 

At low electric fields, especially when the E-field is less than 1.0 MV/cm, it is not 

easy to draw a reliable conclusion from the I-V curves, shown in Figure 4-7, because of 

data fluctuations even though the results are averaged based on 10 repeat measurements. It 

is not clear whether the fluctuations come from the background noise, or whether it is a 
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result from competition between the various conduction mechanisms because of shallow 

traps[34],[35] , bulk defects [36],[37], or absorbed moisture.[38] 

4.3 VUV-induced Moisture Uptake 

Hydrophobicity of the thin film surface is another important property of the low-k 

a-SiOC:H organosilicates used for ILDs. Plasma-induced damage causes a-SiOC:H to be 

hydrophilic, instead of being hydrophobic, and to absorb moisture from the gas ambient. 

This will result in changes to mechanical properties[5], increased leakage currents [38], 

degradation of adhesion[39], etc. Here, the effects of VUV irradiation on the surface 

hydrophobicity and moisture uptake of a-SiOC:H thin films are investigated in this section, 

by examining the water contact angle and the H2O-related FTIR spectrum of a-SiOC:H 

before and after VUV irradiation with several photon energies. 

 

Figure 4-8 Photograph of the OCA 15 plus Contact-Angle Measurement System. 

Water contact-angle measurements were made using a video-based optical contact 

angle measuring instrument, Data Physics OCA 15 Plus, with an automatic liquid dispenser 
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at ambient temperature, as depicted in Figure 4-8. The sample table is manually movable 

in the horizontal direction and more precisely adjustable in the vertical (z-axis) direction 

via a hand wheel. A high-speed video system with a USB camera (87 images/s sample 

rate), on the left of the sample table, is used to record the measurements, which can provide 

both the static and dynamic contact angle on the surface of the specimen. In this work, the 

sessile drop method was used by measuring the contact angle of 2 μL droplets of distilled 

water (polar liquid) on the surface of pristine and VUV-irradiated a-SiOC:H thin film. Five 

drops per sample were immediately analyzed. For each drop, the contact angle was 

measured manually and was repeated three times to allow a mean and standard deviation 

to be calculated. 

 

Figure 4-9 Sessile drop testing on a-SiOC:H thin films using distilled water: (a) pristine 

sample; (b) 6.1 eV VUV photon irradiated sample. 

Generally, if the water contact angle is smaller than 90°, the solid surface is 

considered hydrophilic, and if the water contact angle is larger than 90°, the solid surface 

is considered hydrophobic. Figure 4-9 shows one example of sessile drop testing on 

pristine and 11.8 eV photon exposed a-SiOC:H thin films. The sample shown in the picture 

is 100-nm porous a-SiOC:H with a porosity of 35% and a k-value of 2.2. As can be 
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observed here, the pristine sample, with a contact angle of θ = 115o ± 2o, is hydrophobic; 

while after 6.1 eV exposure, it becomes to hydrophilic with a contact angel of θ = 78o ± 2o. 

Table 4-4 lists the measurements on the a-SiOC:H thin films with different porosities and 

k-values before and after VUV-photon irradiation. To be consistent with previous work, 

VUV photon energies were still set to be 6.1, 10.2, and 11.8 eV, and the total photon 

fluence impinging on the sample surfaces was 4 × 1015 photons/cm2
. 

Table 4-4 Water contact angle measured on pristine and VUV-exposed a-SiOC:H. 

Samples Pristine 6.1 eV 10.2 eV 11.8 eV 

#1 a-SiOC:H 

nonporous, k=3.2 
126o ± 2o 80o ±2o 54o ± 2o 46o ± 2o 

#2 a-SiOC:H 

25% porosity, k=2.5 
119o ± 2o 65o ± 2o 45o ± 2o 41o ± 2o 

#3 a-SiOC:H 

35% porosity, k=2.2 
115o ± 2o 78o ± 2o 42o ± 2o 38o ± 2o 

 

As shown in Table 4-4, the pristine a-SiOC:H thin films under study are all 

hydrophobic with a measured water contact angle larger than 90o, for both porous and 

nonporous samples. This is because of the super-hydrophobic -CH3 group present inside 

of the low-k organosilicates, as reported by Shamiryan et al.[40] However, after VUV 

photon exposure, the water contact angle decreases below 90o, indicating the samples have 

become hydrophilic. This phenomenon, unlike the VUV-induced mechanical changes and 

leakage currents, which are only observed on 10.2 eV and 11.8 eV exposed samples, occur 

to all VUV-photon energy exposures samples under investigation, including 6.1, 10.2, and 

11.8 eV. That might be because VUV irradiation removes the original hydrophobic groups 

(-CH3) and subsequently creates free-radical sites (-SiO2•) within the material. The -SiO2• 
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groups are not as hydrophobic as the -CH3 groups, causing a-SiOC:H to be hydrophilic. 

These hydrophilic groups enable significant amounts of water to be absorbed from ambient 

air following water diffusion into the SiCOH bulk through interconnected pores.[41] Since 

6.1 eV photons can also remove the -CH3 groups from a-SiOC:H, as shown by the 

differential FTIR and XPS results in Section 4.1, the contact angle also decreases after 6.1 

eV exposure, though the decrease is not as significant as for the 10.2 and 11.8 eV exposed 

samples. 

 

Figure 4-10 FTIR spectra of pristine and VUV-photon irradiated a-SiOC:H thin film with 

various energies. Inset shows the H2O-related peak changes after VUV irradiation. 

The FTIR spectra measured from pristine and VUV photon-irradiated a-SiOC:H 

thin film with various energies support the results of the water contact-angle measurements. 

As illustrated in Figure 4-10, besides the changes to the Si-O-Si skeleton structures, the 

H2O-related peak also changes after VUV irradiation, which is emphasized in the inset 

figure. In the FTIR spectrum range of 3200-3800 cm-1, the highest increases of the water-

related peaks are observed for both 10.2 and 11.8 eV photon-exposed a-SiOC:H.  The 6.1 

eV exposed sample shows a mild increase compared with the pristine sample. Table 4-5 
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gives the information about the waveumbers for H2O related FTIR peaks in PECVD a-

SiOC:H low-k films. The increase of the H2O-related FTIR peaks either can be either from 

physisorbed and chemisorbed water[42], or from hydroxyl terminals (-OH) [43]. It is not 

clear which one is dominant. An FTIR instrument, equipped with a humidity-controllable 

chamber and a temperature-programmable oven, could be used to examine the physisorbed 

and chemisorbed water, by annealing the samples at 190 °C and 400 °C respectively. 

Table 4-5 H2O related FTIR peak wavenumbers for PECVD a-SiOC:H low-k films.[43] 

Wavenumber (cm-1) Comment 

3300-3600 

3650-3800 

3690 

3750 

3200-3650 

H-bonded H2O (physisorbed and chemisorbed H2O) 

Stretching modes of isolated and terminal -OH 

Hydroxyl terminals 

Isolated surface silanols Si-OH (sharp peak) 

H-bonded Si-OH in chain (Si-OH stretching) 

 

Even hydrogen-bonded water components (physisorbed and chemisorbed water) 

can be desorbed at a specific annealing temperature, without changing or damaging the 

chemical structure and integrity of the a-SiOC:H thin films. However, the hydroxyl 

terminals (-OH) will still exist inside of the a-SiOC:H thin films and deteriorate their 

dielectric properties.[5],[38],[44] 

4.4 Summary 

In this Chapter, VUV-induced damage to a-SiOC:H thin films was measured after 

exposing the samples to monochromatic synchrotron VUV radiation with a range of photon 

energies. Their mechanical properties, electrical properties, along with their 
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hydrophobicity were measured as a function of VUV photon energy. We have discovered 

a threshold photon energy for VUV-induced mechanical and electrical damage. Results 

indicate the VUV-induced mechanical and electrical damage have the same threshold 

photon energy. Several conclusions can be made: 

1. VUV-induced mechanical modifications to a-SiOC:H are energy-

dependent. The energy threshold is related to the dissociation energy of the Si-O chemical 

bond (8.3 eV). VUV irradiation with photon energies above this value could change the 

mechanical properties of a-SiCOH, either by converting the Si-O-Si cage structures to 

network structures or by creating bridging bonds (such as the Si-O-Si bond) from non-

bridging bonds (such as the -Si-OH and -Si-CH3 bonds). VUV photons below this threshold 

energy are not able to affect the mechanical properties of a-SiCOH. 

2. VUV-induced chemical property changes were measured with FTIR and 

XPS, and have been also shown to be energy-dependent. After both 10.2 eV and 11.8 eV 

photon irradiation, there are significantly decreased bond densities of the Si-(CH3)n 

(1250~1280cm-1, 760~870cm-1), Si-O-Si cage (~1130cm-1) and Si-OH (890~990cm-1) 

structures in a-SiOC:H films. On the other hand, an increase in the peak intensity for the 

Si-O-Si network (~1063cm-1) and the Si-O-Si suboxide (~1023cm-1) structures after both 

10.2 eV and 11.8 eV photon irradiation was seen. However, for a 6.1 eV exposed sample, 

only the bond density of Si-(CH3)n was found to decrease. 

3. VUV irradiation can increase the leakage currents in a-SiCOH under 

electric field stress, especially under high electric-field conditions (> 1.5 MV/cm). This 

effect was observed for photons of 10.2 and 11.8 eV, but not for 6.1 eV. The increased 

magnitude of the leakage currents come from VUV-induced chemical defects inside the a-
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SiOC:H thin films. The threshold energy value is related to the Si-O dissociation energy. 

The electrical properties deteriorate for photon energies above the threshold. 

4. VUV irradiation can change the surface of a-SiOC:H from hydrophobic to 

hydrophilic, as evidenced by measuring of the water contact angle of the low-k dielectric 

materials. It will cause moisture uptake from the ambient and further degrade of the low-k 

dielectric material, such as increased leakage current and decreased breakdown voltage, 

which has to be avoided. FTIR results show that water uptake takes place in the 6.1, 10.2 

and 11.8 eV exposed samples and is more significant when the photon energy is higher. 

This can be the case because VUV irradiation removes the original hydrophobic groups (-

CH3) and creates free-radical sites (-SiO2•) within the material. The VUV-created -SiO2• 

groups are not as hydrophobic as the -CH3 groups, causing a-SiOC:H to be hydrophilic. 
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Chapter V 

 

 

 

VUV-induced Cu Migration into a-SiOC:H and 

Time-Dependent Breakdown of Cu/Low-k 

Interconnects 

 

In Chapter IV, VUV-induced damage to intrinsic low-k a-SiOC:H thin films and 

the associated damage mechanisms were presented. In this Chapter, we extend this work 

to study VUV-induced damage to Cu/low-k a-SiOC:H dielectric interconnect structures. 

State-of-the-art low-k dielectric materials, which have the potential to be a next-generation 

Cu capping-layer dielectrics, are used in this work. The organization of this Chapter is as 

follows. First, the effects of VUV irradiation on Cu migration into low-k a-SiOC:H 

organosilicates under bias-temperature stress (BTS) or temperature stress (TS) are 

presented. A specific low-k a-SiOC:H was investigated due to its relevance as both an 
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interlayer dielectric and as a potential Cu capping-layer material. Next, the extrinsic 

(including of Cu migration effects) time-dependent dielectric breakdowns of low-k a-

SiOC:H dielectrics (TDDB) are measured, based on a Ti/a-SiOC:H/Cu MIM structure. 

TDDB characteristic lifetimes are compared for intrinsic (without includes Cu migration) 

and extrinsic a-SiOC:H breakdown. Lastly, the effects of VUV irradiation on the extrinsic 

TDDB of a-SiOC:H are examined. A comparison of extrinsic TDDB is made between 

pristine and VUV photon-exposed samples in order to investigate possible new or 

exacerbated failure mechanisms introduced by VUV irradiation to low-k a-SiOC:H thin 

films. 

 

5.1 Dense a-SiOC:H as a Low-k Capping Layer 

Capping layers in Cu/low-k interconnects, which are usually SiCxNy (k ~ 5.0 - 7.0), 

are needed  (1) to prevent in-diffusion of moisture and other aqueous cleaning chemicals 

which will cause corrosion of Cu wires and ILD layers [1],[2]; (2) to prevent Cu out-

diffusion into overlying metal layers [3]; (3) to passivate the top surface of the Cu lines to 

enhance electromigration (EM) resistance [4]; (4) to improve interlayer adhesion, etc.[5] 

As already discussed in Chapter I, when the size of ICs continues to downscale, the relative 

contribution of the capping layer (which is usually a-SiCxNy thin film with a k-value of 

4.5 ~7.0) k-value to the interlayer capacitance increases, and thus there is a critical 

requirement for alternative low-k materials to serve as capping layers.  The reason for this 

is that the k-value of the traditional capping layer is in the range of 4.5 ~7.0. From 
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continuous downscaling, not only the interlayer dielectric, but also the capping layer 

dielectric, need to be low-k materials, in order to reduce the RC delay. 

Thus, some specific low-k a-SiOC:H materials, which were provided by Dr. Sean 

King from Intel Corporation that have the potential to serve as both interlayer dielectrics 

and as potential Cu capping-layer materials, were analyzed. The samples are nonporous a-

SiOC:H with a k-value of 3.2 and a density of 1.5 ± 0.1 g/cm3, which is relatively dense 

compared with porous low-k organosilicates (~ 1.1 g/cm3) that are used as interlayer 

dielectrics [6]. Table 5-1 summarizes some of the key material properties for the a-SiOC:H 

dielectric materials used in this work. These are: film composition, dielectric constant, 

refractive index, porosity, mass density, Young’s modulus and intrinsic film stress. More 

details about the samples are also available in Sean King et al.’s recent 

publications[7],[8],[9]. 

The low-k a-SiOC:H dielectrics were deposited by plasma-enhanced chemical-

vapor deposition (PECVD) on 300-mm diameter (100) Si wafers. A commercially 

available PECVD tool utilized in 45-nm low-k/Cu interconnect manufacturing was used. 

Radiofrequency power was applied to ignite and sustain the plasma at both high and low 

frequencies (13.56 MHz and 200 - 400 kHz, respectively). The deposition temperature was 

of the order of 400 oC, and the process gases utilized included various silane, methlysilane, 

and methylsiloxane feedgas sources diluted in gases such as He, O2, CO2, and/or other 

oxidizing gases. No sacrificial porogen or post UV-curing were utilized. This inhibits 

moisture uptake of the samples by significantly reducing the concentration of the 

hydrophilic groups from porogen residuals in the dielectric. 
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Table 5-1 Summary of properties for the PECVD low-k a-SiOC:H thin films investigated 

in this study. RI = Refractive index at 673 nm.[6] 

Film 
k 

(± 0.1) 

RI 

(± 0.01) 
Porosity 

Density 

(g/cm3) 

Young’s 

Modulus 

(GPa) 

Film Stress 

(MPa) 

a-SiO1.2C0.35:H 3.2 1.44 0 1.5 ± 0.1 11 ± 1 50 ± 5 

 

As a capping layer, the low-k a-SiOC:H dielectric has to contact to the Cu wires 

directly. Because of this, Cu will diffuse into the low-k dielectrics during the deposition of 

Cu electrodes on a-SiOC:H using either e-beam evaporation or sputter deposition[10], 

some of the dense low-k a-SiOC:H thin films were deposited on Cu thin-film substrates, 

for the purpose of investigating the behaviors of Cu migration into a-SiOC:H and the 

extrinsic TDDB of Cu/low-k interconnects. 

The layout of the a-SiOC:H/Cu film stacks is illustrated in Figure 5-1 (a). Details 

about the fabrication processes are as follows. First, the Cu was electrochemically plated 

(ECP) on a Cu seed and a TaN adhesion layer sputter-deposited on a 300-mm diameter 

(100) Si substrate on which 100 nm of thermal oxide had been previously grown. After 

this, the ECP Cu was chemically mechanically polished (CMP) to a thickness of 350 nm. 

Prior to a-SiOC:H deposition, H2 plasma pre-treatment was performed in-situ to remove 

Cu corrosion inhibitors left behind by the Cu CMP process and to reduce Cu surface oxides 

formed by ambient exposure. Finally, a-SiOC:H thin films were deposited at a thickness 

of 100 nm on the 350-nm Cu film at temperatures of 400 oC using a standard PECVD tool 
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as described above. XPS depth profiles, as shown in Figure 5-1 (b), indicate no detectable 

Cu existing inside of the low-k dielectrics after deposition. 

 

Figure 5-1 (a) Drawing of the a-SiOC:H/Cu film stacks utilized in this work; (b) XPS 

depth profile of the 100-nm a-SiOC:H thin film after deposition. 

 

5.2 Cu Migration into a-SiOC:H from VUV Irradiation 

To study the effects of VUV irradiation on Cu migration into low-k organosilicates, 

the a-SiOC:H/Cu film stacks, as discussed above, were exposed to VUV photons at the 

UW-Madison Synchrotron Radiation facility using the system described in Chapter III. 

The VUV photon energy was set at 9.0 eV (137 nm). The value of 9.0 eV was chosen 

because the reported penetration depth at these photon energies through amorphous silica-

based dielectrics has been estimated to be ~200 nm,[11] which is larger than the thickness 

of the low-k dielectric thin films used here. Consequently, the entire bulk of the low-k 
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dielectric could be chemically modified with 9.0 eV VUV photon irradiation. The total 

photon fluence impinging on the sample was approximately 4.0×1015 photons/cm2.[12] 

After VUV irradiation, a hexagonal pattern of 300-nm Ti electrodes was deposited 

on the sample using e-beam evaporation, forming a Ti/a-SiOC:H/Cu capacitor, as 

described in Chapter III. Since the diffusivity of Ti into a-SiOC:H is much smaller than 

that of Cu,[13] utilizing these Ti electrodes can effectively avoid contamination of the low-

k dielectrics from the side on which they were deposited.  As a control, Ti electrodes were 

also fabricated on pristine a-SiOC:H/Cu film stacks. To examine Cu diffusion during bias-

temperature stress (BTS), an electric field of 2.5 MV/cm, produced with a negative bias on 

the Ti electrodes, was applied to the Ti/SiCOH/Cu capacitors at a temperature of 225°C 

for 5.0 hours and 10.0 hours, respectively. After that, the Ti electrodes were sputtered away 

using a beam of Ar+ ions (3.0 keV) and XPS depth profiles were obtained by scanning over 

an area of about 1.5 × 1.5 mm, as detailed in Chapter III. The sample was rotated during 

Ar+ ion sputtering (1.5 keV) to minimize sputter-induced roughening.  The sputter-removal 

rate was about 0.2 nm/sec.[12] After each sputter step, the XPS core-level spectra of the 

selected elements (Si 2p, O 1s, C 1s and Cu 2p) were recorded. 

5.2.1  Cu Migration Rate in Pristine and VUV-exposed a-SiOC:H 

Figure 5-2 shows the XPS depth profiles of Cu in both pristine and 9.0 eV VUV-

irradiated a-SiOC:H after BTS. As illustrated in Figure 5-2 (a), after 5.0 hours of BTS, 

significant penetration of Cu into the low-k dielectric films was observed: the penetration 

depth of Cu into a-SiOC:H was measured to be 30 nm for pristine samples and 44 nm for 

VUV-irradiated samples. For the samples that underwent 10.0 hours of BTS, as shown in 
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Figure 5-2 (b), the Cu profile of the 9.0 eV exposed sample extended an additional ~20 

nm farther into a-SiOC:H than it did into the pristine sample. By using the expression 

RCu=d2/2t,[14] where RCu is the Cu migration rate, d is the penetration depth and t is the 

temperature stressing time, the estimated migration rate of Cu at 225°C was found to be 

2.5×10-16 cm2/s in the pristine sample and 5.4×10-16 cm2/s in the 9.0-eV-exposed sample. 

 

Figure 5-2 XPS depth profiles of Cu in pristine and 9.0 eV exposed a-SiOC:H after 

BTS/TS treatment. (a) 5.0 h BTS; (b) 10.0 h BTS; (c) 5.0 h TS and (d) 10.0 h TS. 

For comparison, Cu profiles in both the pristine and the 9.0-eV-exposed samples 

under only temperature-annealing stress (TS) without electric-field bias were also 

examined, as shown in Figure 5-2 (c) and (d). The samples were annealed at a temperature 

of 225°C for 5.0 hours and 10.0 hours respectively, with no electric bias applied to the 
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electrodes. Under only TS, the Cu distribution profiles in pristine and 9.0 eV exposed a-

SiOC:H were seen to be almost the same. The calculated Cu migration rate under TS is 

2.5×10-16 cm2/s in both pristine and 9.0 eV exposed a-SiOC:H. 

For a comparison, the same measurements were made on a film stack consisting of 

porous a-SiOC:H(100 nm)/a-SiCN(4 nm)/Cu. The VUV-exposure condition was identical 

to what had been used earlier, with a photon energy of 9.0 eV and a photon fluence of 4 × 

1015 photons/cm2. Figure 5-3 shows the XPS depth profiles of Cu inside both pristine and 

9.0-eV VUV-irradiated a-SiOC:H film stack after TS (225°C) and BTS (2.5 MV/cm and 

225°C) treatment for 24 hours.  

 

Figure 5-3 XPS depth profiles of Cu in pristine and VUV exposed a-SiOC:H(100nm, 35% 

porous)/a-SiCN(4nm)/Cu film stack after TS/BTS treatment. (a) 24 hours TS (b) 24 hours 

BTS. The VUV photon fluence is 4 × 1015 photons/cm2. 

As depicted in Figure 5-3 (a), after 24-hour temperature stressing (225°C), it was 

seen that Cu penetrated through the 4-nm a-SiCN layer and entered into the porous a-

SiOC:H. No change in the Cu distribution profile was observed in pristine and 9-eV 
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exposed samples. However, after 24-hour bias-temperature stressing (2.5 MV/cm and 

225°C), it was observed that Cu migrated farther into the 9.0-eV VUV photon-exposed 

sample than than it did in the pristine sample, as depicted in Figure 5-3 (b). This is similar 

to the case where no a-SiCN capping layer existed between Cu and the low-k a-SiOC:H 

thin films. 

5.2.2  VUV-induced Cu Oxidation and Mechanism Discussion 

The above results indicate that 9.0 eV VUV irradiation exacerbates Cu migration 

into a-SiOC:H when the electric field was applied. Previous work has shown that for the 

migration of Cu to be enhanced by an electric field, the Cu must be ionized first. Hence, 

we postulate that within the 9.0 eV exposed a-SiOC:H, the diffused Cu has been ionized. 

To further verify this, XPS was performed on both the pristine and the 9.0 eV exposed 

samples. It should be noted that the previous XPS results shown in Chapter IV are from 

porous a-SiOC:H and the VUV exposure energies were 6.1, 10.2, and 11.8 eV respectively. 

The XPS results shown in the following are from nonporous (dense) a-SiOC:H and the 

VUV exposure energy was 9.0 eV, with a fluence of 4 × 1015 photons/cm2. 

Figure 5-4 (a) shows the XPS spectra of the Cu 2p core level, which are calibrated 

with reference to the C 1s peak at 285 eV. The Cu 2p XPS spectrum from the pristine 

sample exhibits two major peaks at binding energies of 932.7 and 952.45 eV, which 

correspond to the Cu 2p3/2 and Cu 2p1/2 levels respectively, revealing that the diffused Cu 

exists primarily in the atomic state.[15] However, two satellite peaks were observed at 

964.7 and 945.6 eV in the Cu 2p core-level spectra of the 9.0 eV exposed samples. These 

satellite peaks are from Cu oxides (CuO or Cu2O),[16] indicating that part of the Cu 
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diffused into VUV-irradiated a-SiOC:H is in ionic form (Cu+). Due to its electropositive 

characteristic, the migration of Cu+ into a-SiOC:H will be accelerated by the electric field. 

Since there were no detectable Cu 2p satellite peaks for Cu diffused into pristine a-SiOC:H, 

the Cu+ ions must be formed via a VUV photon-assisted reaction within the a-SiOC:H, as 

evidenced by the C 1s, Si 2p and O 1s XPS peaks shown in Figure 5-4 (b)-(d). 

 

Figure 5-4 Core-level XPS spectra of pristine and 9.0 eV exposed a-SiOC:H samples after 

BTS: (a) Cu 2p; (b) C 1s; (c) Si 2p and (d) O 1s. VUV-exposure conditions are as follows: 

photon energy is 9.0 eV; photon fluence is 4 × 1015 photons/cm2. 
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FTIR measurements were made on the samples in an enclosure filled with dry N2, 

to examine the characteristic changes in the film after 9.0 eV VUV exposure. The FTIR 

spectrum in Figure 5-5 shows that the bond densities of -Si-(CH3)x (1250-1280 cm-1, 760-

870cm-1), Si-O-Si cage structure (-1130 cm-1), and -CHx (2875-2930 cm-1, 760-870cm-1) 

structures decreased while the peaks of the Si-O-Si network (1063cm-1) structures 

increased after 9.0 eV exposure. These results agree well with what was described in 

Chapter IV. Moreover, the broad band at higher wavenumbers of the FTIR spectrum, is 

related to the formation of -OH groups and to the incorporation of water within the 

film.[17] For clarity, the spectra ranging between 3000 and 3800 cm-1 are also presented in 

the inset of Figure 5-5. It is seen that after the 9.0 eV exposure, the intensity of the -OH 

related features increased moderately compared with the pristine sample. 

 

Figure 5-5 FTIR spectrum of pristine and 9.0 eV exposed a-SiOC:H samples. Here, “δ” 

indicates the bending vibrational mode and “ν” indicates the stretching mode. 

Under the combined action of moderate temperatures (150 - 300 oC) and an external 

electric field (0.5 - 5.0 MV/cm),[18] the negatively charged hydroxyl ions (OH−) generated 
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were able to diffuse rapidly within the dielectric film because of their higher mobility 

compared with that of sodium, Cu, or other metals.[19]  The hydroxyl ions (OH−) that reach 

the Cu/a-SiOC:H surface may react with Cu to form Cu(OH)2, which is not stable and can 

easily decompose to form CuO/Cu2O. [18] Such formed Cu oxides can become a source of 

Cu+ ions that are available for diffusion. Under BTS (the Cu layer is used as anode and 

biased positively) there are two driving forces for Cu+ migration: diffusion caused by a 

concentration gradient and drift caused by an electric field. Thus, the migration of 

positively charged Cu+ into a-SiOC:H will be accelerated when an electric field is applied 

with Cu as the anode. When Cu is used as the anode, Cu+ ions drift into the dielectric; when 

Cu is used as a cathode, there is no Cu+ ion drift. Both diffusion and drift exist, because a 

bias-stress electric field was applied. When the Cu layer is biased positively the Cu+ ions 

will drift into the dielectric layer. On the other hand, for Cu existing as atomic states, the 

electrostatic acceleration would be negligible since it these are electrically neutral. This 

explains why there is a higher calculated Cu migration rate and a deeper Cu penetration 

depth in 9.0 eV VUV-irradiated a-SiOC:H than that seen in pristine a-SiOC:H, even though 

the BTS conditions were the same (225°C, 2.5 MV/cm). However, under the same TS 

condition, the calculated Cu migration rate remains the same for both samples. 

5.2.3  Effects of Photon Energy on Cu Migration Rate in a-SiOC:H 

As discussed in Chapter IV, the negatively charged hydroxyl ions (OH−) could 

originate from a condensation reaction of two silanol groups taking place inside of a-

SiOC:H under VUV irradiation with a photon energy higher than the Si-O dissociation 

energy (8.3 eV) [20]: 
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-Si-OH + -Si-OH + hν→ -Si-O-Si- + -OH− + H+                            (5-1) 

Therefore, the VUV-induced enhanced Cu migration into a-SiOC:H is likely to 

depend on the VUV photon energy. Figure 5-6 shows the comparison of Cu migration rate 

in pristine, 7.0, 9.0, and 12.0 eV exposed a-SiOC:H thin films. The migration rate was 

calculated using the same method under same BTS (2.5 MV/cm, 225oC) and TS (225oC) 

conditions, as previously described. As can be seen in Figure 5-6, for 7.0 eV exposed a-

SiOC:H, there was no significant change of Cu migration compared with the pristine 

sample, even when an external electrical field was applied. However, for 9.0 and 12.0 eV 

exposed samples, the calculated Cu migration rate under BTS increased significantly, 

indicating that a threshold energy, between 7 and 9 eV, exists for VUV-induced 

enhancement of Cu migration. 

 

Figure 5-6 Calculated Cu migration rate into a-SiOC:H as a function of VUV photon 

energy. 
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Based upon the mechanisms proposed in Equation (5-1) and the FTIR results in 

Figure 5-5, it is possible to claim that the enhancement of Cu migration originates from 

the generation of hydroxyl ions (OH−) after VUV exposure and the threshold energy for 

this is related to the Si-O dissociation energy, which is close to 8.3 eV. The VUV exposure 

time was around 2 hours. Thus, during the two-hour time period, the VUV exposure keeps 

generating OH- ions and the generated OH- ions continuously react with the Cu. 

Additionally, the same BTS/TS treatments were made on no-plasma pre-cleaned a-

SiOC:H/Cu film stacks, in which the surface of the 350-nm Cu layer was not treated with 

H2 plasma before the deposition of a-SiOC:H, as illustrated in Figure 5-1 (a). Since Cu 

corrosion inhibitors are left behind from Cu CMP processing, then the Cu surface can be 

oxidized by ambient exposure and it becomes a source of Cu+ ions. In the presence of an 

external electric field, [21] it was found in the Cu/no plasma pre-cleaned/a-SiOC:H 

samples, under BTS, that the Cu penetration depth was larger than the depth for those 

samples treated only with TS. This agrees well with the results for the 9.0 eV VUV-

irradiated samples and further verifies Cu oxidation in VUV-irradiated a-SiOC:H. 

In summary, 9.0 eV VUV irradiation was found to enhance Cu diffusion into low-

k a-SiOC:H under bias-temperature stress. This effect was correlated with the number of 

hydroxyl free-radical sites generated by VUV photon irradiation in the dielectric. Further 

analysis shows that there is a threshold energy, which is related to Si-O dissociation energy, 

for the VUV-induced enhancement of Cu migration. 
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5.3 TDDB of Cu/Low-k Dielectric Interconnects 

As discussed in Chapter III, TDDB of low-k a-SiOC:H thin film is an important 

factor for the reliability of advanced Cu/low-k interconnects. The mechanism of the 

dielectric breakdown can be classified as either intrinsic or extrinsic.[22] Intrinsic failure 

occurs when the dielectric fails due to its own defects, such as broken bonds or dipole-

dipole interaction of defects under the influence of an electric field [23] or thermal stress 

[24], as well as plasma-processing-induced degradation of the chemical, mechanical, and 

electrical properties of the dielectric.[25],[26] The extrinsic failure mechanism is attributed 

to failures induced by extrinsic defects, such as Cu migration from the Cu electrode. Much 

work in the past studied the TDDB of intrinsic low-k a-SiOC:H thin films and also the 

effects of plasma exposure [25] and/or VUV irradiation [27] on the TDDB characteristics 

of a-SiOC:H. Since we have shown that VUV-induced enhancement of Cu migration into 

a-SiOC:H occurs, we will extend the work to determine the extrinsic TDDB of VUV-

exposed a-SiOC:H by taking into account the effects from Cu migration. 

 

Figure 5-7 Schematic illustrating the (a) MIS and (b) MIM structure used for TDDB 

measurements. 
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TDDB measurements were made using the MIS and/or MIM structures as described 

in Chapter III. The MIS structure (Ag/Ti/a-SiOC:H/Si), shown in Figure 5-7 (a), was used 

to measure the TDDB of intrinsic low-k a-SiOC:H dielectrics, while the MIM structure 

(Ag/Ti/a-SiOC:H/Cu), shown in Figure 5-7 (b), was used to measure the TDDB of 

extrinsic Cu/low-k a-SiOC:H interconnects. Details of the fabrication processes for the 

MIM structure were described in Chapter III. For each TDDB measurement, a constant 

voltage was applied across the sample via two pin probes connected to the electrodes, and 

the current was measured as a function of time until breakdown occurred [28]. A 

temperature-controlled heater was used to heat the sample. The applied voltage was ramped 

at a rate of 1 V/s with a settling time of 250 ms until the desired voltage was reached. A 

failure criterion was set when the leakage current reached 10-4 A, to be consistent with 

other TDDB measurements on low-k dielectrics. [29], [27] 

Weibull statistical distributions were used for TDDB lifetime projections, because 

they are the preferred tools for analysis of long-term failure data, and can project a “worst-

case” scenario [30], which can more accurately predict expected lifetimes by increased 

sensitivity to less-probable breakdown events. The Weibull cumulative probability 

distribution function, which is expressed as F(t) in Equation (5-2) and shows that the 

probability of TTF (time-to-failure) is smaller than t and is given by, This probability is 

F(t), not TTF(t) which is the Weibull cumulative distribution function 

𝐹(𝑡)𝑊𝑒𝑖𝑏𝑢𝑙𝑙 = 1 − exp [− (
𝑡−𝜏

𝜃
)

𝛽

]                                           (5-2) 

in which 𝜏  is known as the minimum time at which failure can occur. 𝛽  is the shape 

parameter (also known as the Weibull slope) which is equal to the slope of the line in a 
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probability plot using the Weibull scale [29] and is related to the breakdown mechanism. 

𝜃 is the scale parameter (also referred to as the characteristic or dielectric lifetime). If t is 

the TTF, 𝜏 is the minimum possible value of TTF, which should be zero. The distribution 

then turns into a two-parameter Weibull distribution and the cumulative distribution 

function becomes: 

𝐹(𝑡) = 1 − exp [− (
𝑡

𝜃
)

𝛽

]                                              (5-3) 

Taking the natural logarithm of both sides and simplifying Equation (5-3), by 

multiplying both sides by negative one and again taking the natural logarithm, leads to the 

following expression [29]  

ln(−ln(1 − 𝐹(𝑡))) = 𝛽ln(𝑡) − 𝛽ln(𝜃)                                 (5-4) 

The shape parameter 𝛽 and the scale parameter 𝜃 (also referred to as the 63.2% 

TTF characteristic dielectric lifetime, because when t = 𝜃 , F( 𝜃 ) = 63.2%) can be 

determined using median-rank regression [31], using the following approximation: 

𝑌(𝑡𝑖) =  
𝑖−0.3

𝑁+0.4
                                                   (5-5) 

in which Y(ti) is the estimated proportion of the samples that will have failed by time ti, N 

is the total number of samples in the data set, i is the rank (the sequence of the data in the 

data set in ascending order) of the sample, and ti is the breakdown time of the sample in 

ascending sequence. Using median-rank estimates, the set of measured time-to-breakdown 

data for a given applied electric field can be fit using linear regression to Equation (5-4). 

From this, the shape parameter 𝛽 can be determined numerically from the slope of the 
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regression line. 𝜃 can also be determined from the 63.2% TTF characteristic lifetime, using 

F(𝜃) = 63.2%. 

5.3.1  Intrinsic TDDB of Low-k a-SiOC:H Dielectrics 

Intrinsic TDDB of low-k a-SiOC:H was measured on pristine a-SiOC:H thin films 

using the Ti/a-SiOC:H/Si MIS structure as shown in Figure 5-7(a). The TDDB 

measurement temperature was chosen to be 120 oC for several reasons. First, it can help 

remove absorbed moisture from the ambient.  Second, under the same electrical stress, it 

takes a much shorter time for the film to break down at this temperature than at room 

temperature [32], which saves time for the measurement. Two values of the electric field, 

4.0 MV/cm and 5.0 MV/cm, were used. The Ti metal electrode was biased positively 

during the measurement. 

Figure 5-8 shows a Weibull plot of the breakdown time for pristine a-SiOC:H 

(k=3.2, mild density ρ =1.5 g/cm3) under 4.0 MV/cm and 5.0 MV/cm electric fields. These 

data are based on at least 10 measurements. In the Weibull plot, the vertical axis is ln(-

ln(1-F)) and the “0” value of the vertical axis corresponds to the 63.2% TTF characteristic 

dielectric lifetime. That is, when ln(-ln(1-F)) = 0, the probability of breakdown F is 63.2% 

and the corresponding breakdown time is 63.2% TTF. For example, in Figure 5-8, the 

horizontal dashed line, which is ln(-ln(1-F)) = 0, represents the 63.2% breakdown 

probability, and the intersection of the horizontal dashed line with the linear fit of the data 

points (solid line) corresponds to the location of the 63.2% sample breakdown. Therefore 

the 63.2% TTF can be obtained as shown by the arrow in Figure 5-8. For pristine a-SiCOH, 
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the 63.2% TTF is estimated to be 2.2 ± 0.1 × 104 s under an electric field of 4.0 MV/cm 

and to be 8.4 ± 0.1 × 103 s under an electric field of 5.0 MV/cm. 

 

Figure 5-8 Plots of time-to failure (TTF) for pristine a-SiOC:H under 4.0 MV/cm and 5.0 

MV/cm electrics field using the Weibull scale. 

Additionally, in the Weibull plot, if the horizontal axis is set to be the natural 

logarithm of t, the shape factor 𝛽 is equal to the slope of the curve and can be accessed by 

a linear fit to the data points. If 𝛽 is greater than 1, the failure probability increases with 

time.[33],[34] Higher 𝛽 values mean a better predication of the time-to-failure (TTF) and 

is a desired characteristic for the Weibull distribution plot.[33] For pristine samples, the 

value of 𝛽 is approximately 2.7 ± 0.2 for the 4.0 MV/cm field and 2.6 ± 0.2 for the 5.0 

MV/cm field In theory, the range of beta can be from 0 to infinity, because beta is defined 

as equal to the slope of the Weibull plot, which means the maximum value of beta is 

infinite. However, experimentally, the value of beta is usually less than 10. Reported values 
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of beta from publications are in the range of 1 ~ 5. Any value greater than 1 is reasonable. 

The value of beta varies with sample property and test structure.  

The effects of Ar plasma exposure and VUV irradiation on the intrinsic TDDB 

characteristics of low-k a-SiOC:H thin films have been well studied in the Ph.D. thesis of 

Dongfei Pei [27]. With his permission, some of his experimental results are repeated here, 

as shown in Figure 5-9. Compared with the pristine film, the TDDB lifetimes of a-SiOC:H 

irradiated by 7-eV photons do not display much difference from the pristine-film results. 

However, TDDB degradation was observed for a-SiOC:H irradiated by 9, 12, and 15 eV 

photons. Since TDDB is directly related to the trap-state concentration in the dielectric 

film, he claimed that 7 eV does not appear to be high enough to change the trap-state 

concentration. However, as the photon energy goes higher, the photons are then able to 

force a transition from the trap states and cause TDDB degradation. He also compared the 

TDDB property of Ar plasma exposed samples with VUV-exposed samples, which are also 

plotted in Figure 5-9. In his work, the Ar plasma-exposed film shows more TDDB 

degradation. There are two possible reasons for this difference: 1) The VUV photon fluence 

of the Ar-plasma may be higher than that of the VUV exposure. 2) The charged-particle 

bombardment during the Ar-plasma exposure may cause additional damage. 
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Figure 5-9 Probability plot of the TDDB lifetime of plasma and VUV exposed a-SiOC:H 

thin films. Data from Dongfei Pei’s Ph.D. thesis [27]. 

5.3.2  Extrinsic TDDB of Cu/Low-k a-SiOC:H Interconnects 

Extrinsic TDDB of the low-k a-SiOC:H was measured on the a-SiOC:H/Cu film 

stacks using the Ag/Ti/a-SiOC:H/Cu MIM structure as shown in Figure 5-7 (b). The 

samples used here were 100-nm a-SiOC:H (k=3.2, ρ =1.5 g/cm3) thin-film PECVD-

deposited on a H2 plasma pre-cleaned 350-nm Cu layer. The temperature for the extrinsic 

TDDB measurement was also kept at 120 oC for the same reason as mentioned in the 

intrinsic TDDB measurement. At this temperature, Cu will diffuse into the a-SiOC:H thin 

films with an approximate rate of 4.2 × 10-16 cm2/s, which is calculated using the methods 

described in Section 5.2. An electric field of 4.0 MV/cm was used and the Cu metal 

electrode was biased positively, which was used as anode, during the measurement. In such 
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a configuration, it is possible for the Cu ions, if they exist, to drift into the low-k film under 

the influence of the electric field, which is exactly the case as in damascene structures.[35] 

Figure 5-10 shows the results for the extrinsic TDDB of a-SiOC:H by taking into 

account the effects of Cu diffusion, based on the measurements made on 10 samples. 

TDDB degradation was observed for extrinsic a-SiOC:H breakdown, as evidenced by the 

leftward shift of the Weibull plot, compared with the intrinsic a-SiOC:H breakdown 

without Cu diffusion. The calculated 63.2% TTF for the extrinsic a-SiOC:H breakdown 

was 1.2 ± 0.1 × 104 s, which is approximately half of the 63.2% TTF for the intrinsic a-

SiOC:H breakdown (2.2 ± 0.1 × 104 s). Because the Cu layer in the sample was pre-cleaned 

with H2 plasma resulting in the Cu-oxide inhibitors being removed, the diffused Cu mainly 

exists in the atomic state. This was verified with XPS measurements of the samples, in 

which no satellite peaks (related to Cu+ ions) were observed near the Cu 2p core-level 

peaks [12], indicating no detectable Cu+ ions existed in the sample after initial deposition. 

Additionally, the temperature utilized in this measurement (120oC) is below the threshold 

value (~ 200oC), above which Cu ionic current will be observed [36]. The observed shorter 

TDDB lifetime should therefore be attributed to diffusion alone of Cu atoms rather than 

the diffusion or drift of Cu ions. 
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Figure 5-10 Weibull plot of the TTF for intrinsic and extrinsic a-SiOC:H breakdown. Here 

“intrinsic” refers to the case that does not include Cu migration; “extrinsic” refers to the 

case includes Cu migration.  

This is also seen in the results obtained when using Cu as the cathode, which will 

be detailed as follows. Under these conditions, the diffused Cu atoms can accumulate in 

the region near the Cu electrode and shorten the distance between anode and cathode.  This 

means, for the same applied potential, the electric field would rise within the low-k 

dielectric and hasten the dielectric breakdown.[37] This is is still diffusion, not drift. 

Diffusion of the Cu atoms will create a layer of Cu inside of the dielectric, which will 

shorten the distance between the two electrodes. For the sample applied voltage, the electric 

field would increase because the distance between the electrodes deceases. This can explain 

why there is a shorter TDDB lifetime in the a-SiOC:H/Cu film stacks than that for intrinsic 

a-SiOC:H thin films under same bias-temperature condition. 
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5.4 TDDB for Cu/Low-k Interconnects from VUV 

Irradiation 

The effects of VUV irradiation on the extrinsic TDDB of Cu/a-SiOC:H 

interconnects were also investigated. Monochromatic VUV irradiation with an energy of 

9.0 eV and a total fluence of 4 × 1015 photons/cm2 was performed on an a-SiOC:H thin 

film (k=3.2, ρ =1.5 g/cm3) before the Ag/Ti/a-SiOC:H/Cu MIM structures were fabricated. 

A photon energy of 9.0 eV was chosen because it is larger than the observed threshold 

energy of VUV-induced damage to a-SiOC:H and also because it has a relatively large 

penetration depth in a-SiOC:H (> 100nm). 

TDDB measurements were made under two sets of conditions. The first condition 

was obtained by applying a positive potential or bias to the Cu electrode in the Ag/Ti/a-

SiOC:H/Cu MIM structure. This is also referenced as using the Cu as an anode in this work. 

In this case, Cu ions can drift into the low-k a-SiOC:H thin film. The second set of 

conditions was obtained by applying a negative potential or bias to the Cu electrode, 

corresponding to using the Cu as a cathode, in which Cu ions will not enter the low-k 

dielectric since the electric field is forcing them away from the low-k dielectric. XPS 

measurements do not show the existence of Cu ions inside of the low-k dielectric when Cu 

was used as a cathode, indicating that no ion diffusion occurs. It is likely this is the case 

because the concentration of Cu ions is very low, compared with the concentration of Cu 

atoms, which makes diffusion of Cu ions negligible. Under both conditions, the electric 

field was 4.0 MV/cm and the temperature was 120oC. The results of the measurements, on 
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both pristine and 9.0-eV VUV-exposed samples, are shown in Figure 5-11 using the 

Weibull scale. Ten samples were measured for each case. 

 

Figure 5-11 Weibull plots of the extrinsic TDDB lifetimes for pristine and 9.0 eV VUV- 

exposed a-SiOC:H thin films. 

For the pristine sample, no difference in the probability curve was observed whether 

the Cu was used as an anode or cathode. The calculated 63.2% TTFs of the a-SiOC:H film 

for the two cases (anode and cathode conditions on the Cu) do not display much difference. 

However, TDDB degradations were observed for 9.0-eV exposed samples, as the 

probability curves were seen to move to the left. What’s more, after 9.0 eV VUV 

irradiation, the TDDB curve measured using Cu as the anode deviates from that measured 

using Cu as the cathode, and shows a more severe degradation. This deviation can come 

from the generation of Cu+ ions in 9.0 eV exposed samples, because our previous work 

[12] has shown that hydroxyl ions (OH-) will be generated in a-SiOC:H after 9.0 eV VUV 
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irradiation and consequently form CuO/Cu2O, acting as a Cu+ ion source once an external 

electric field is applied. For the 9.0-eV exposed samples, when the Cu is used as an anode, 

the Cu ions drift into the low-k dielectric and can play a role in the TDDB breakdown. 

In order to show the roles of Cu migration in TDDB and the effects of VUV 

irradiation more directly, the calculated 63.2% TTF for all samples measured in this work 

are compared in Figure 5-12. It shows that diffusion of Cu atoms into a-SiOC:H degrades 

the TDDB lifetime and there is no difference whether the Cu is used as an anode or a 

cathode. Nine-eV VUV irradiation further degrades the TDDB lifetime. The most notable 

degradation of 63.2% TTF is found when the Cu electrode is used as an anode in the 9.0 

eV exposed sample. XPS analysis of the pristine and VUV-exposed sample shows this is 

related to the VUV-induced oxidization of Cu layers inside of the sample. 

 

Figure 5-12 63.2% TTF for pristine and for 9.0 eV VUV exposed a-SiOC:H/Cu film 

stacks. 
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5.5 Summary 

In this chapter, VUV-irradiation-induced Cu migration into low-k a-SiOC:H 

dielectrics and time-dependent breakdown of a-SiOC:H/Cu structures were investigated. 

Relative dense a-SiOC:H thin films with a k value of 3.2 and a density of 1.5 g/cm3 were 

used due to their relevance as both as an interlayer dielectric and potential Cu capping-

layer materials. Cu diffusion in pristine and VUV-exposed samples were compared. 

Intrinsic (does not include Cu migration) and extrinsic (includes Cu migration). TDDB of 

a-SiOC:H and the effects of VUV irradiation were measured using a MIM electrical-

contact structure. A summary of the results is as follows: 

1. Nine-eV VUV irradiation can enhance Cu migration into low-k a-SiOC:H 

under bias-temperature stress. Under a BTS condition of 120oC and 2.5 MV/cm, Cu 

migration ratewas calculated to be 2.5 × 10-16 cm2/s in a pristine a-SiOC:H dielectric and 

5.4×10-16 cm2/s in 9.0-eV exposed samples. Cu oxidization was observed in 9.0-eV 

exposed samples using XPS and this effect was correlated with the hydroxyl free-radical 

sites (OH-) generated by VUV photon irradiation in the dielectrics, as evidenced by XPS 

and FTIR measurements. 

2. Cu migration in VUV-exposed a-SiOC:H dielectrics depends on the VUV 

photon energy. A threshold VUV photon energy was found by measuring the Cu migration 

rate as a function of photon energy, which is related to the Si-O dissociation energy (8.3 

eV). Above this value, VUV irradiation will enhance the progress of Cu migration into a-

SiOC:H in the presence of an electric field. Below this value, no significant changes were 

observed. 
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3. Extrinsic TDDB of a-SiOC:H, measured by taking in account the effects of 

Cu migration into the dielectric, were investigated under various conditions based on a 

MIM structure configuration and compared with the intrinsic TDDB characteristics of a-

SiOC:H. In the pristine samples, no detectable Cu+ ions exist at the Cu/dielectric interface. 

Diffusion of Cu atoms into pristine a-SiOC:H can degrade the TDDB lifetime.  While no 

difference in TDDB times was observed whether the Cu was used as an anode or a cathode, 

because no detectable Cu+ ions exist either in the bulk of a-SiOC:H or at the interface 

between Cu and a-SiOC:H. 

4. The Cu diffusion-induced TDDB degradation might come from the higher 

electric-field strength for a given applied voltage within the dielectric. In this case, diffused 

Cu atoms accumulate near the location of the Cu and shorten the distance between the 

anode and the cathode, resulting in an increase of the electric field under same voltage bias. 

5. Extrinsic TDDB of a-SiOC:H deteriorates after 9.0 eV VUV irradiation. 

The most notable degradation of the 63.2% TTF time was found when the Cu electrode 

was used as an anode in a 9.0-eV exposed sample. This is believed to be related to the Cu+ 

ions created by VUV irradiation, because 9.0 eV is above the previously observed 

threshold. 
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Chapter VI 

 

 

 

Band Alignment for Cu/Low-k Dielectric 

Interconnects 

 

In Chapter V, the VUV-induced enhancement of Cu migration into a-SiOC:H and 

consequent deterioration of the TDDB lifetime of a-SiOC:H/Cu film stacks were presented. 

Electrical degradation of a-SiOC:H/Cu structures was observed for photon energies greater 

than or equal to 9.0 eV with a photon fluence of 4.0 × 1015 photons/cm2. For metal 

interconnects, the extent of band alignments between the metal conductor and the 

insulating dielectrics are essential for determining electrical leakage[1], breakdown[2], and 

other reliability issues, such as power consumption and device lifetime.[3],[4] In this 

regard, this Chapter concentrates on the investigation of the electronic band alignment for 

Cu/a-SiOC:H interconnects. A band diagram, illustrating the barrier potential at the Cu/a-

SiOC:H interface, alignments of the valence and conduction bands in the dielectric and the 
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energy levels of processing-induced defect states, will be presented in this Chapter. Such 

diagrams are essential to explain and predict some of the reliability issues for Cu/a-SiOC:H 

interconnects. These include the VUV-induced leakage currents in a-SiOC:H presented in 

Chapter IV and the degradation of TDDB as presented in Chapter V. 

The organization of this Chapter is as follows. First, as one of the most common 

interfaces present in damascene Cu/low-k interconnect structures, the Schottky barrier 

potential that appears at the Cu and low-k dielectric interfaces is measured using VUV 

photoemission spectroscopy.[5] Next, the bandgap energy and valence-band edge are 

measured with core-level XPS [6] and valence-band XPS [7] respectively. Since trap and 

defect states in low-k dielectrics are also important to Cu/low-k interconnect reliability [8], 

we additionally present defect-induced bandgap narrowing in low-k a-SiOC:H dielectrics. 

Finally, the combined band alignment and defect energy-level diagrams are presented, 

allowing insight into the many reported electrical leakage mechanisms and reliability issues 

in low-k dielectrics and integrated low-k/Cu interconnects. It should be noted that the low-

k dielectrics under study are state-of-the-art dense low-k a-SiOC:H, which have the 

potential to be used as a low-k capping-layer dielectric. 

 

6.1 Measurement of the Schottky Barrier Potential at the 

Cu/a-SiOC:H Interface 

Electron transport across the low-k interlayer dielectric and Cu wire interface 

causes line-to-line leakage current across Cu/low-k interconnects, as shown in Figure 6-1, 
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while electron transport across the low-k capping-layer dielectric and Cu line interface 

causes layer-to-layer leakage.[9] To fully explore the possible leakage paths for low-k/Cu 

interconnects, one must therefore examine the barrier potential between Cu and dielectrics 

used both as interlayer (i.e. low-k a-SiOC:H) and Cu capping-layer dielectrics (either a-

SiCxNy or dense low-k a-SiOC:H). 

 

Figure 6-1 Schematic illustrating line-to-line and layer-to-layer current in a damascene 

Cu/low-k interconnect structure. 

In low-k a-SiOC:H dielectrics, VUV irradiation can cause photoinjection, 

photoconduction, and photoemission of electrons depending on the incident photon energy 

and the dielectric thickness, as previously discussed in Chapter II.[10],[11] VUV photons 

can excite electrons into the conduction band from the valence band or from defect states 

in the bandgap of the dielectric. The electrons can travel in the dielectric and/or the 

substrate depending on their energy.[12],[13] When the irradiated photon energy is greater 

than the band-gap energy plus the electron affinity, electrons from the valence band and/or 

defect states in the bandgap of the dielectric, can be photoemitted and escape from the film 

surface [10], leaving positive charge trapped within the dielectric.[14] When the photon 
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energy is less than the bandgap (Eg) of the dielectric, some of the photons can penetrate 

into the substrate, because the absorption of photons by the dielectric material (energy < 

Eg) is now weak. Based on the results from Woodworth et al., [15]  when the photon energy 

is less than the bandgap of the dielectric, the photon absorption coefficient is less than 103 

cm-1, while when energy is larger than the bandgap, the absorption coefficient is 

approximately 106 cm-1, which is at least 103 times larger than that in the case of photon 

energy < Eg. 

Photo-generated electrons from the substrate that have energies higher than the 

substrate/capping-layer dielectric barrier potential, can be injected into the bulk dielectric 

layer and deplete the previously mentioned accumulated positive charge produced by 

photoemission.[11],[13] The lowest photon energy having a charge-depleting effect should 

correspond to the potential barrier present at the substrate/capping-layer dielectric 

interface.[16] The measured substrate/photoemission current usually changes with photon 

energy because of the excitation of electrons from specific electronic states to energies into 

or above the conduction band of the dielectric layer. It should be noted that the 

photoemission current cannot go to zero under VUV irradiation because there will always 

be a steady-state photoemission current from the electrons that are photoinjected from the 

underneath substrate.[17] 

Figure 6-2 shows the VUV photoemission spectrum measured from a 100-nm a-

SiOC:H thin film deposited on an H2 plasma pre-cleaned Cu layer previously exposed to 

12-eV photons with several different photon fluences. The 100-nm a-SiOC:H thin films 

are identical to those used in Chapter V. Monochromatic VUV exposures were made using 
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the synchrotron radiation apparatus as described in Chapter II. The incident VUV photon 

beam, with a cross-section of 3.0 × 0.1 cm2, was oriented normally to the surface of the 

sample at a pressure of 10-8 Torr. The 12-eV photons are used to photoemit the electrons 

from the valence band and/or defect states in the material, resulting a build-up of positive 

charge in the material. The energy of 12 eV was chosen because this dielectric has a high 

photoemission efficiency at this energy.[5]  

Before and after the 12-eV photon irradiation, VUV photoemission spectroscopy, 

was measured. Under this condition, the photon-beam exit slit from the monochromator 

was set to 0.3 mm so that the photon flux was approximately two orders of magnitude 

smaller than that for the 12 eV photon exposures and thus did not significantly affect the 

measured characteristics of the dielectric layer. The photoemission current was monitored 

with a Keithley 486 picoammeter and was normalized by dividing the measured 

photoemission current by the incident VUV photon flux measured with the calibrated 

photodiode. 

As shown in Figure 6-2, when the photon fluence increases, the magnitude of the 

VUV-photoemission spectrum/current decreases and reaches a steady state when the 

irradiation photon dose is or greater than 5.0 × 1015 photons/cm2. This is because, with 

increasing VUV photon fluence, most of the electrons have been photoemitted and thus 

there are few electrons left within the defect states available to be photoemitted when the 

VUV photoemission spectroscopy scan was made after VUV irradiation. When the 

photoemission current was approximately equal to the photoinjection current, a steady state 

was reached. This indicates that no more trapped charges will be generated in the dielectric, 

and the photoemitted electron flux will equal the flux of photoinjected electrons.[11],[13] 
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Figure 6-2 VUV photoemission spectrum measured from a 100-nm a-SiOC:H thin film 

exposed to 12 eV photons with various fluences. The inset figure is the measured 

photoemission current during 12-eV irradiation as a function of photon fluence. 

 

To investigate the photon-energy range that can repopulate the accumulated charge 

after 12 eV irradiation, each sample was re-exposed to VUV photons with specific energies 

from 4.5 to 8.1 eV in steps of 0.2 eV, since a photon energy of 8.1 eV is approximately the 

bandgap energy of the low-k dielectric.[7] The VUV re-exposure was performed at the 

same location on the sample with the same fluence of 5.0 × 1015 photons/cm2, as was the 

case for the 12 eV exposure.  

VUV photoemission spectroscopy was again measured after the second exposure. 

Figure 6-3 (a)-(d) shows the measured VUV photoemission spectroscopy of 12 eV 
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irradiated samples with steady-state photoinjection followed with 4.5, 4.7, 4.9 and 8.1 eV 

re-exposure with same photon dose. 

As illustrated by these results, for sufficient 12-eV irradiation to reach steady-state 

photoinjection current, the experimentally measured VUV photoemission spectrum of the 

re-exposed samples with energies of 4.7 eV, or lower than that.  To confirm this, data for 

4.5, 4.6, and 4.7 eV were obtained for comparison (4.5 eV is the lowest energy we can have 

when using the Seya-beam in the Synchrotron). The data for 4.5 and 4.7 eV are plotted in 

Figure 6-3, part (a) and (b). They overlap and are nearly identical to that of the 12 eV 

irradiation to steady-state photoinjection current samples. 

 

Figure 6-3 VUV photoemission spectroscopy measured on a-SiOC:H/Cu film stack before 

and after 12 eV exposure followed by re-irradiation with photon energies of 4.5, 4.7, 4.9 

and 8.1 eV with a photon fluence of 5×1015 photons/cm2. 
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Doubling the photon fluence does not show any difference in the results. We have 

measured the VUV-photoemission spectroscopy as a function of photon fluence, as shown 

in Figure 6-2. Once the photon fluence is higher than 4 × 1015 photons/cm2, the intensity 

of the VUV photoemission spectrum will not change. That is, the measured VUV 

photoemission spectra overlap each other. However, for 4.9 eV and higher energy re-

irradiated samples, there is an increase of the intensity of the photoemission spectrum. 

When 8.1 eV photons were used for re-exposure, the highest increase in the photoemisson 

spectrum was observed. In fact, the spectrum of the 8.1 eV re-exposed sample is nearly 

identical to the VUV photoemission spectroscopy of an unexposed sample. Higher photon 

energies were not used because photons with energies higher than the bandgap energy of 

the dielectric will induce trapped-charge accumulation inside the dielectric, rather than 

charge depletion. The bandgap energy of the dielectric is approximately 8.1 eV. Thus, only 

photons with energy equal to or less than this value will deplete the charge within a sample. 

These effects can be further explained by noting that electrons photoemitted from 

the Cu substrate produced by photons with energies less than 4.7 eV do not have sufficient 

energy to overcome the a-SiOC:H/Cu interface barrier to be injected into a-SiOC:H 

dielectric. It should be noted that these photons, which have energy less than 4.7 eV, can 

make the dielectric a photoconductor. That is, any electrons (or holes) produced do not 

have enough energy to be emitted or injected, but they can deplete the existing charges 

inside the dielectric. 

It should also be noted that at room temperature, the thermal energy of the electrons 

is 0.026 eV, which is very small compared to the photon energy, and also is in the range of 

measurement error of this method (± 0.1 eV). However, we have already taken the effect 
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of electron thermal energy into account at the beginning. In the inset in Figure 6-2, which 

shows the photoinjection current as a function of photon fluence, the photoinjection current 

approaches to a constant value that is not zero. When the photon fluence is larger than 4 × 

1015 photons/cm2. This current comes from electron tunneling through the dielectric/Cu 

interface, due to the thermal energy. This will not make a different in the final result, 

because we are comparing the relative change of the VUV spectroscopy intensity, not its 

absolute value. 

Thus, these electrons are not able to repopulate the traps in the dielectric that were 

depopulated during the 12-eV exposure. Therefore, the VUV photoemission spectrum is 

identical to that for the 12-eV irradiated samples, which had reached steady state of 

photoinjection versus photoemission. However, if the photoemitted electrons from the Cu 

substrate have energies larger than the potential barrier present at the a-SiOC:H/Cu 

interface, they can be injected into the dielectric and then refill defect states within the 

dielectric. This provides sources of electrons that can be photoemitted during the VUV 

spectroscopic scan, making the intensity of the VUV photoemission spectrum increase, 

like that shown in Figure 6-3 (c) and (d). Therefore, the potential of the Schottky barrier 

at a-SiOC:H (k=3.2)/Cu interfaces should be between 4.7 eV and 4.9 eV, that is 4.8 ± 0.1 

eV. 

To examine the validity and accuracy of the above values, the method of Grant and 

Waldrop [18], which relies on core-level and valence-band XPS measurements, was also 

utilized to measure the Schottky barrier potential present at the same a-SiOC:H (k=3.2)/Cu 

interface.[19] By referencing the XPS Si 2p core level of the low-k a-SiOC:H to its valence-

band maximum and then measuring how the position of the core levels changes with the 
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addition of Cu, the Schottky barrier present at the a-SiOC:H (k=3.2)/Cu interface was 

determined to be within a range of 4.7 eV to 5.2 eV, which is consistent with the result 

obtained using VUV photoemission spectroscopy. The method shown here can also be 

used for the case when a-SiCxNy is used as capping layer. 

 

6.2 Defect-induced Bandgap Narrowing of Low-k 

Organosilicates 

Numerous electrically based measurements have shown a direct correlation 

between trap/defect state concentrations [20], leakage currents [21], breakdown voltages 

[22], and TDDB failures of low-k materials.[23] In most cases, these electrical 

degradations in dielectrics are dependent on the depths and locations of trap states within 

the bandgap. To address this issue, a number of empirical measurements have recently been 

devoted to determine the effective bandgap energy and to delineate the location of extended 

gap/defect states of the low-k dielectrics.[6],[24],[25] 

For the same reason, the bandgap energy and valence-band edge (VBE) of the low-

k dielectrics were measured using core-level XPS [6] and valence-band XPS [7] 

respectively, which have been described in detail in Chapter III. The results are shown in 

Table 6-1. The a-SiOC:H materials examined involved various compositions and dielectric 

constants that are representative of low-k capping layer or low-k ILDs currently utilized or 

being considered for future applications. After the films were produced, XPS 

measurements were made on the surface using a micro-focused monochromatic Al Kα X-
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ray source with a centroid photon energy of 1486.6 eV. During the measurement, a flood 

gun, which can generate a combination of low energy electrons (0.1 to 5.0 eV) and low 

energy Ar+ ions, was used to neutralize any charge that built up at the surface during the 

photoelectron emission process, or static charge from handling prior to analysis. Spectra 

were collected with a collection angle of 60o relative to the surface normal. The pass energy 

of the analyzer was set as 21 eV with a corresponding absolute resolution less than 0.5 eV. 

Table 6-1 Summary of properties for a-SiOC:H films under study. (PECVD = 

Plasma-enhanced chemical-vapor deposition, OS = Organosilane, AOS = Alkoxysilane, 

VBE = Valence-band edge) 

Film # 
Deposition 

and precursor 

k-Value 

(± 0.1) 

Density 

(g/cm3) 

Porosity 

(%) 

Bandgap 

(± 0.3 eV) 
VBE 

1 PECVD-OS 3.2 1.5±0.1 0 8.1 4.1 

2 PECVD-AOS 2.5 1.3±0.1 25 8.0 4.0 

3 PECVD-AOS 2.2 1.1±0.1 34 8.3 4.2 

 

The depth of information of the XPS measurement, (also known as “sampling 

depth”, referring to the maximum depth from which an X-ray excited electron can escape. 

This depth depends on the material properties and the inelastic mean free path (IMFP) of 

electrons that varies with the element analyzed. For Al Kα x-ray activated O 1s 

photoelectrons, the corresponding inelastic mean free path (λp) in SiO2-like oxides is 

approximately 30-40 Å. [7] According to the Beer-Lambert law,[26] 95% of the signal 

obtained with XPS originates from within three attenuation lengths (usually referred to as 

“λp”, defined as the distance in which the signal intensity attenuates to 1/e of its original 

value, e.g., I = I0 * exp (-d/λp), of the surface (3 λp), which gives a sampling depth of 45-60 
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Å for a 60o electron exit angle. Each sample was measured 10 times. For each 

measurement, the spectrum was scanned 50 times. Then, the bandgap energy of the sample 

was determined by extrapolating a linear fit to the leading edge of the electron energy-loss 

spectrum and by locating the onset of inelastic energy loss relative to the core-level 

peak.[6],[25] The accuracy of this method can be ~ 0.5 eV or less if the electron density in 

the valence band near surface is laterally homogeneous and the largest source of error is 

due to uncertainty in the process of linear extrapolation.[6] 

For a-SiOC:H films (k=3.2), the bandgap energy was calculated to be 8.1 ± 0.3 eV 

by subtracting the binding energy of O 1s peak at 532.6 eV from that of the onset of 

inelastic losses.[23] This value agrees with the reported bandgap energy of 8.2 eV for a-

SiCOH film (k=3.2) measured by reflection electron energy loss spectroscopy 

(REELS).[25] The valence-band edge (VBE) of the a-SiOC:H film (k=3.2) film was 

determined to be approximately 4.1 eV. Measured results on other samples are also listed 

in Table 6-1.These values provide a necessary energy reference for calculating the depths 

of trap states with the band gap, the interfacial energy-barrier heights, [5] as well as the 

possible conduction mechanisms in the materials.[27] 

In most cases, the creation of defects and vacancies within the bandgap will cause 

a reduction of the bandgap by formation of additional electronic states either above the 

valence band or below the conduction band that overlap with one or the other of these two 

bands.[7] For example, a conduction-band tail may arise and extend below the 

conduction-band edge (CBE) in the presence of vacancies and defect centers near the 

conduction-band edge.[28] However, the valence-band edge (VBE) may also lift upwards 
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due to an excess of electronic states originating nearby from disorder and imperfection of 

the materials.[29] Both of these can lead a decrease in the bandgap. 

A number of electron-spin-resonance (ESR) measurements of porous/non-porous 

low-k dielectrics have shown that defects within these materials are silicon dangling bonds 

[30], neutral or positively charged oxygen vacancies and carbon residues,[31],[32] all of 

which can generate states near the mid bandgap.[33] In addition, the Si-Si dangling bonds 

can generate a bonding state in the lower band gap and an antibonding state near the CBM. 

Oxygen vacancies possess a "shallow" bound state 1-2 eV below the CBM, while non-

bridging oxygen can introduce states just above the VBE.[33] The effects of these 

additional electronic states on the experimental bandgap of low-k dielectrics are largely 

unknown. Considering this, the defect-induced bandgap-narrowing phenomenon in low-

k dielectrics must be investigated. 

 

6.2.1  Bandgap Narrowing in Low-k a-SiOC:H Thin Films 

To investigate defect-induced bandgap narrowing and also to measure the energy 

levels of the defects within the bandgap, a 4.0 keV Ar+ ion-sputtering beam, from the 

monatomic argon-ion source in the XPS analyzing chamber as described earlier in Chapter 

III, was utilized in-situ to create defects on the sample surface, following the work of King 

et al.[25] The ion-beam current was 15 μA/cm2 and the sputtering time was 30 seconds. 

XPS measurements with the same procedure were then made on the ion-sputtered spot of 

the sample to get a comparison to the bandgap energy before and after ion sputtering. 
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Figure 6-4 shows the inelastic-loss spectra near the O 1s core-level peak collected 

from a 100-nm thick a-SiCOH film (k=3.2) before and after in-situ Ar+ ion sputtering, 

which had been calibrated with reference to the C 1s peak at 284.8 eV. The low-k a-

SiOC:H thin film used here is identical to the samples used for the Schottky-barrier 

measurements, as described earlier in this Chapter. It is deposited on a H2 plasma pre-

cleaned Cu/Ta(TaN)/Si film stack using PECVD. To see how the sputtering-induced 

charging affects the uniformity of the potential distribution across the oxide surface, the 

full width at half maximum (FWHM) of the O 1s peak was examined on each sample. No 

comparable broadening of the O 1s emission line was observed after ion sputtering. 

By tracking the intersection of the leading edge (solid straight line) and the 

background level (dashed horizontal line) of the electron energy inelastic loss spectra, as 

shown in Figure 6-4, the onset of inelastic losses was found to occur at 539.4 eV for the 

ion-sputtered samples. To quantify the uncertainties of the linear extrapolation, least-

square-fitting regression lines with 95% confidence were constructed (dotted straight 

lines) to the inelastic-loss peak leading edge, by which the errors of the linear 

extrapolation were estimated to be ± 0.3 eV with 95% confidence. According to these 

analyses, the bandgap of the sample after ion sputtering was calculated to be 6.8 ± 0.3 eV, 

which is lower by 1.3 eV compared with the bandgap of pristine a-SiOC:H film (8.1 ± 0.3 

eV). 
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Figure 6-4 Bandgap measurements of a-SiOC:H (k=3.2) film before and after ion 

sputtering by linearly fitting to electron energy loss spectra with 95% confidence 

interval.[23] 

 

Table 6-2 shows the bandgap measurements of all of the samples. As can be seen, 

after 4 keV ion-beam sputtering, the bandgap energies of the a-SiCOH films were all 

reduced. The reduction ranges from 1.3 eV to 2.2 eV depending on the film composition. 

These reductions cannot be ascribed to measurement errors alone and suggest that 

additional states must have been created within the bandgap. Thus, valence-band XPS 

measurements were made to examine the valence-band density of states of each sample. 
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Table 6-2 Summary of bandgap energy and valence-band edge position before and after 

ion sputtering for the a-SiOC:H films under study. To remain consistent, the valence-band 

edge (VBE) positions here are all referred to the Fermi level (“ 0 ” eV.), and a negative 

value of VBE means it is below the Fermi level. 

Film # 

Before ion sputtering After ion sputtering 

Bandgap 

(±0.3 eV) 

VBE  

(±0.1 eV) 

Bandgap 

(±0.3 eV) 

VBE 

(±0.1 eV) 

1 8.1 − 4.1 6.8 − 2.8 

2 8.0 − 4.0 6.2 − 2.2 

3 8.3 − 4.2 6.1 − 2.0 

 

6.2.2  Uplifting of the Valence Band Edge in a-SiOC:H 

By linearly fitting to the rising edge of the spectra, as shown in Figure 6-5, the 

valence-band edge (VBE) of the a-SiCOH film can be determined. For pristine samples, 

this value is approximately 4.1 eV. However, for the ion-sputtered sample, additional 

electronic states were detected above the VBE, resulting in a shift of the VBE towards to 

2.8 eV, as illustrated by the arrow in Figure 6-5. Since no broadening was observed for 

the FWHM of the O 1s peak after sputtering, the apparent “tail” of the electron-energy 

distribution must originate from the sputtering-induced defects, rather than any local 

fluctuations of electrostatic potential across the film surface caused by sputtering. 
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Figure 6-5 Valence band XPS spectra of a-SiOC:H (k=3.2) film before and after ion 

sputtering, where the “0” binding energy corresponds to the Fermi level. 

A schematic representation of the density of states is depicted in Figure 6-6, to 

show the changes of the band structures after ion sputtering. One can see that in the ion-

sputtered sample, a valence-band tail appears and extends above the VBE. The up shifting 

of the VBE was calculated to be 1.3 eV by subtracting the VBE value of the ion-sputtered 

sample from that of the pristine sample, which is in excellent agreement with the bandgap 

reduction, suggesting that the bandgap narrowing after sputtering must be attributed to the 

uplifting of the valence band. 
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Figure 6-6 Schematic representation of the density of states of a-SiOC:H (k=3.2) film 

before and after ion sputtering. 

 

6.2.3  Defects in a-SiOC:H as Measured with Electron-Spin Resonance 

To obtain insight into the nature of defects generated during ion sputtering, ESR 

measurements were carried out on a-SiCOH thin films before and after ion sputtering.  

Figure 6-7 shows the conventional first-derivative absorption spectra of the ESR signal 

from the samples with the applied magnetic field B oriented parallel to the sample surface. 

The values of the g-factor and the linewidth of the defect center were determined by fitting 

the spectra into a Lorentzian derivative line shape using least squares. Control spectra 

were measured on the pristine sample and were observed to exhibit signals only 

originating from silicon dangling bonds (Sidb), as shown by the blue curve in Figure 6-7. 

These silicon dangling-bond defects, similar to the bulk E’ centers, are usually from the 
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underlying a-SiCOH/Si interface with no measurable density of paramagnetic defects 

pertaining to the low-k dielectric layer itself.[34],[35] 

 

Figure 6-7 ESR signals measured on a-SiOC:H (k=3.2) film before and after ion sputtering. 

However, after ion sputtering, the intensity of the Sidb defect (silicon dangling 

bonds) increased. However, splitting off H from a Si-H bond in the oxide also results in 

the same signal.[36] In this case (non-porous PECVD oxide) this may happen simply 

because of electron-hole pair generation and hole trapping on the Si-H bonds.[37] In 

addition, peaks with much higher intensities emerged in the ESR spectra. The predominant 

peak is characterized with a g-factor of 2.0006 and an approximate linewidth of 2 G. These 

have been attributed to surface oxygen vacancies (SOV), in which the defects are usually 

positively charged in the paramagnetic state.[31] The other signal at g = 2.0026 with an 

approximate linewidth of 7 G is identified as that from carbon-dangling-bonds (Cdb) back-

bonded to C or Si atoms.[32] 
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These observations are consistent with ESR results reported by previous authors 

[31,32]. That is, ion sputtering-induced defects in low-k dielectrics generate oxygen/silicon 

vacancies analogous to the oxygen-deficient/silicon dangling bond centers in bulk SiO2 

and carbon-dangling-bonds in carbon silicide clusters. The SOV (surface oxygen vacancy) 

has been previously identified as a defect that creates sub-gap surface defects at 

approximately 5.0 and 7.2 eV, [25] which are located in the upper half of the bandgap and 

close to the CBE. The silicon dangling bonds possess a highly localized state near the mid-

bandgap, lying near the isolated sp3 or p hybrid energies[33] that will not contribute to 

states below the Fermi level. 

As a result, the states near VBE must originate from sputtering-induced carbon-

related defects, which have been shown to give rise to “deep” energy levels near the VBE 

of the SiO2-like skeleton in a low-k dielectric material.[38],[39] Usually, the excessive 

carbon-dangling bonds at the interfaces result in electron states distributed in the lower half 

of the bandgap.[38] In addition, electronic states associated with a-C:H layers can be found 

in the same energy range.[39] It should be pointed out that the ESR experiments used here 

only detect the fraction of the sputtering-induced defects with an unpaired electron while 

diamagnetic entities escape ESR detection. Nevertheless, the Si carbide and oxicarbide 

clusters generally represent the most stable bonding configurations and may be produced 

by ion sputtering in densities sufficient to cause the formation of the VB “tail” as seen here. 

These results have been published in Applied Physics Letters.[7]. 
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6.3 Band Diagram for Cu/Low-k a-SiOC:H Interconnects 

In this section, we summarize and combine the above results, including the barrier 

potential at Cu/a-SiOC:H interface, the bandgap energy and the defect-induced valence-

band uplifting of a-SiOC:H, with our work on VUV-induced Cu migration to present a 

series of schematic flat-band diagrams illustrating the various possible paths for electron 

transport in Cu/low-k damascene structures and to explain the VUV-induced electrical 

degradations of Cu/low-k interconnects. The low-k dielectric used here is dense low-k a-

SiOC:H (1.5 g/cm3, k = 3.2 ), which has been considered as a potential low-k capping-

layer dielectric. 

To illustrate the barrier for electron injection from a Cu wire into a low-k a-SiOC:H 

capping layer dielectric, as well as the interlayer dielectrics in Cu/low-k damascene 

structures, we present in Figure 6-8 the band alignments at Cu/low-k a-SiOC:H interfaces. 

If the density of surface trap/defect states in low-k dielectrics is small (in the level of 5.0 ~ 

6.0 × 1011 cm-2 or less)[40], the degradation influence from the surface states are negligible 

and the barrier potential at the Cu/a-SiOC:H interface is 4.8 ± 0.1 eV, as shown in Figure 

6-8 (a). An added voltage of 4.8 ± 0.1 V or greater is necessary to overcome the barrier 

thus created for electron injection from the Cu wire into a-SiOC:H. 
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Figure 6-8 Schematic band diagram of a Cu/low-k damascene structure: (a) band diagram 

w/o surface states; (b) defect-induced changes to the band diagram. 

 

However, as shown and discussed previously, VUV photons and/or ions from a 

processing plasma can cause generation of defect states within a low-k a-SiOC:H dielectric. 

Considering both Schottky and Poole-Frenkel type leakage mechanisms, barrier heights of 

0.7 - 1.5 eV have been reported [41],[42] for leakage currents predominantly along the 

interface between the low-k a-SiOC:H and the Cu layer. The overall lower barrier heights 

for the SiOC:H/Cu interface is likely due to differences in Fermi level pinning at the 

metal/dielectric interface that is typically attributed to interface gap states.[19] That can be 

explained by the defect-induced variation of the band diagram of Cu/low-k a-SiOC:H 

interfaces, as depicted in Figure 6-8 (b). The defect-induced variation of the band diagram 

will be discussed in detail in the following paragraph, based on the energy levels of defect 

states within the samples. 
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Table 6-3 summarizes the energy levels of these trap/defect states within the 

bandgap of low-k a-SiCO:H dielectrics. In a real damascene Cu/a-SiOC:H structure, 

electrons can be injected from Cu into the trap/defect states within the bandgap of a-

SiOC:H, rather than into the conduction bands directly, as shown by the arrows in Figure 

6-8(b). This can happen in both non low-k capping layer dielectrics (e.g. a-SiCxNy:H) and 

low-k capping layer dielectrics (e.g. dense a-SiOC:H).[8] In these scenarios, the barrier 

potential at the a-SiOC:H/Cu interface is substantially reduced by the presence of the 

interface states. 

Table 6-3 Summary of the energy levels of trap/defect states within the bandgap of a-

SiOC:H. The energy level location is referred to the valence-band edge (VBE). 

Defects Comments Energy Level 

Cdb Carbon related defects 0.7 - 3.0 eV [38] 

Sidb Silicon dangling bonds 4.3 - 4.9 eV [33] 

SOV I Surface oxygen vacancy type I 5.0 -6.0 eV [19],[33] 

SOV II Surface oxygen vacancy type II 7.2 -7.6 eV [19],[33] 

 

For example, based on the band diagram as shown in Figure 6-8 and the energy 

levels of the defect states listed in Table 6-3, we can calculate that the barrier height for 

electrons to transport to Sidb states (4.3 eV above the valence-band edge) from the Cu layer 

[3.3 eV above the valence-band edge. The value was obtained by subtracting the barrier 

height at the Cu/dielectric interface (4.8 eV) from the dielectric bandgap energy (8.1 eV)] 

is approximately 1.0 eV. This value is in excellent agreement with the value reported by 

Mutch et al. [8] 
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On the other hand, we have shown that VUV irradiation (9.0 eV or greater) can 

cause the oxidation of Cu wire by forming a CuO/Cu2O thin layer between the Cu and a-

SiOC:H interface [43], which will further exacerbate Cu migration into the low-k a-

SiOC:H and deteriorate the TDDB lifetime of the dielectric.  With this in mind, we next 

update the band diagram by introducing a thin layer of Cu/Cu2O between the Cu and the 

low-k a-SiOC:H dielectric (which can be considered as a potential capping layer), as shown 

in Figure 6-9. For low-k a-SiOC:H, it does not matter if it is used as an interlayer dielectric 

or a capping-layer dielectric, because the energy levels of the defect states within the 

bandgap are always same [8], as shown in Figure 6-9. This is true for both porous and 

nonporous samples. 

 

Figure 6-9 Schematic band diagram with VUV-induced Cu oxides layer and relevant 

defect/trap positions illustrating the barrier for electron injection from Cu wire into the 

low-k a-SiOC:H CLD or ILD. 
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The reported bandgap energy for Cu oxides is in the range of 1.2 to 2.1 eV.[44],[45] 

As can be seen, the conduction-band minimum of the CuO layer generally aligns with the 

Si dangling-bond defects in the low-k a-SiOC:H dielectric. Electrons are likely to cross 

this interface and to move inside the dielectric due to the presence of defect states below 

the CBE. These conduction pathways enable Poole-Frenkel conduction.[46] 

Additionally, with Cu ions drifting into the low-k dielectric under the influence of 

an externally applied or self-generated electric field, another low-energy conduction 

pathway for electrons to transport across the low-k dielectric is provided. Over an extended 

time frame, the drift process causes accumulation of Cu+ ion clusters inside the low-k 

dielectric (in the bulk), resulting in a bending of the conduction band in the bulk of the 

dielectric, as shown in Figure 1-13 in Chapter I.[47] Electrons are then able to tunnel 

through the interfacial energy barrier by Fowler-Nordheim tunneling.[48] 

In many cases, the barrier heights deduced from the analysis of the current-voltage 

(IV) characteristics are a small fraction of the interfacial barrier heights measured by XPS 

or VUV photoemission spectroscopy as shown previously in this work. This discrepancy 

can now be understood by considering both the dominant trap/defect states likely to be 

present and their energy levels within the low-k dielectric. It is anticipated that the band 

diagrams established in this work, as shown in Figure 6-8 and Figure 6-9, will provide an 

improved platform for developing a complete physics-based determination of low-k/Cu 

interconnect reliability.  This will require ab initio simulations to establish a model for how 

porosity and the spatial distribution of pores affect the band structure of the dielectric. 

While it should be noted that there are many more complex phenomena limiting the 

reliability performance of low-k/Cu interconnects that are not covered in these band 
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diagrams, such as moisture [49],[50] and hydrogen -related failures [51], consideration of 

such effects is beyond the scope of this work, but represents an important area for future 

research in low-k/Cu interconnect reliability 

 

6.4 Summary 

In this Chapter, the band alignment for Cu/low-k interconnects has been 

investigated to determine the mechanisms of VUV-induced electrical degradation, such as 

increased leakage currents, shorter TDDB lifetimes (both intrinsic and extrinsic) and other 

reliability issues, such as power consumption and device lifetime in integrated low-k/Cu 

interconnect structures. This is summarized as follows. 

1. VUV photoemission spectroscopy has been used to investigate the 

existence and magnitude of the Schottky barrier present at the interface of low-k a-

SiOC:H/Cu interfaces. The Schottky-barrier potential at the a-SiOC:H (k=3.2)/Cu interface 

was found to be 4.8 ± 0.1 eV. This proposed method of VUV exposure/re-exposure 

followed by VUV photoemission spectroscopy has been shown to be valid and efficient by 

comparing the measured results with previously reported values. 

2. The bandgap energy and valence band edge (VBE) of low-k a-SiOC:H 

dielectrics were measured using core-level XPS and valence-band XPS, respectively. 

Defect-induced bandgap narrowing was observed in various ion-sputtered a-SiOC:H thin 

films and the reduction of the bandgap energy varies with the properties (such as the 

density, carbon concentration) of the dielectrics used as the capping layer materials. 
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3. Valence-band XPS measurements show additional electron states are 

created near the VBE by ion sputtering and the bandgap reduction originates from the tail 

extended above the valence band edge (VBE). Electron-Spin-Resonance measurements 

reveal that the carbon-related defects inside of the low-k dielectrics are responsible for 

measured bandgap narrowing. 

4. Defect-enriched band diagrams are illustrated to show the barrier for 

electron injection from a Cu wire into the low-k a-SiOC:H capping layer dielectric or 

interlayer dielectrics in Cu/low-k damascene structures. A thin layer of Cu/Cu2O is also 

introduced into the band diagram, in order to include the effect of VUV-induced Cu 

oxidation at the interface of Cu and a-SiOC:H. 

5. The mechanisms of previously observed VUV irradiation-induced 

increased leakage currents, and degradation of TDDB (both intrinsic and extrinsic) in 

integrated low-k/Cu interconnect structures were discussed based on the proposed band 

diagram. This suggests that the defects within the bandgap of the low-k dielectric films are 

largely responsible for electrical degradation and likely limit the dielectric reliability, 

because the barrier potential at the a-SiOC:H/Cu interface for charge transport is 

substantially reduced by the presence of the interface states. For example, as presented 

earlier in Section 6.3, with the presence of Sidb (silicon dangling bond) defect states in the 

dielectric, the barrier height for electrons to transport into the dielectric layer from the Cu 

layer reduced to 1.0 eV approximately. This reduced barrier height enables electrons to 

transport through the insulating dielectric layer readily and cause increased leakage 

currents and early dielectric breakdown. 
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Chapter VII 

 

 

 

Conclusions and Future Directions 

The first section of this Chapter provides a summary of the significant results drawn 

from this work. In the second and final section, suggestions for the future work are given. 

Alternative solutions to mitigate the VUV-induced damages to Cu/low-k interconnects are 

also discussed in detail. 

 

7.1 Summary of Results 

7.1.1  VUV-induced Mechanical Modifications to a-SiOC:H 

VUV photons with energies larger than a specific threshold value was found to be 

able to cause a significant increase in film hardness along with a small increase in elastic 

modulus and crack threshold. In the range of 4.5-30 eV (what one can get from the 

synchrotron), any photons with energies higher than 8.3 eV cause mechanical change. The 
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energy threshold was identified to be 8.3 eV and is approximately the dissociation energy 

of the Si-O chemical bond. Thus, VUV irradiation with photon energies above the 

threshold energy can change the mechanical properties of a-SiOC:H, while VUV photons 

below this threshold energy are not able to affect the mechanical properties of a-SiOC:H. 

Two mechanisms have been proposed for these VUV-induced mechanical property 

changes of a-SiOC:H dielectrics as follows: 

(1) VUV photons with energies larger than 8.3 eV can trigger a silica-bond 

conversion from Si-O-Si cage to Si-O-Si network. Of the two bond states, the latter (cross-

linked ladder and linear chain structures) is more energetically stable than the former 

(polyhedral). Relative amounts of cage type and network type bonds affect the mechanical 

properties such as hardness and modulus. Higher network-type bonding tends to produce a 

higher modulus film. Thus the film mechanical properties change because of the increase 

in the number of energetically stable network structures within the film. 

(2) VUV photons with energies larger than 8.3 eV can increase the degree of 

cross-linking inside of an a-SiOC:H thin film from VUV-assisted reactions in which new 

bridging Si-O-Si structures are generated from non-bridging structures. The possible 

reactions are as follows: 

O3≡Si-OH + H3C-Si≡O3 + hν → O3≡Si-O-Si≡O3 + H+ + CH3
+, 

O3≡Si-OH + HO-Si≡O3  + hν → O3≡Si-O-Si≡O3 + H+ + OH-, 

Both of these photon-assisted reactions, as illustrated above, increase the number 

of bridging ≡Si-O-Si≡ bonds by depleting either the non-bridging ≡Si-OH bonds or ≡
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Si-CH3 bonds. As a result, the degree of crosslinking in the films is increased and results 

in mechanical property improvements at the same time. From this point of view, this 

mechanism may have the potential to be used as a curing process for low-k 

organosilicates.[1] 

7.1.2  VUV-induced Moisture Uptake to a-SiOC:H 

VUV-induced moisture uptake in a-SiOC:H has been investigated by examining 

the water contact angle and H2O-related FTIR spectra of a-SiOC:H before and after VUV 

irradiation with several photon energies. Results show that VUV irradiation can change the 

a-SiOC:H surface from hydrophobic to hydrophilic, permitting moisture uptake from the 

ambient. This phenomenon has been observed in all VUV-exposed samples (6.1, 10.2 and 

11.8 eV) and becomes more significant as the photon energy becomes larger. 

This might be the case because VUV irradiation removes the original hydrophobic 

groups (-CH3) and creates free-radical sites (-SiO2•) within the material. The -SiO2• groups 

are not as hydrophobic as the -CH3 groups, causing a-SiOC:H to be hydrophilic. These 

hydrophilic groups enable significant amounts of water to be absorbed from humid air 

following diffusion into the a-SiOC:H bulk through interconnected pores. The increase of 

the H2O-related FTIR peaks either can be either from physisorbed, or chemisorbed 

water[2], or from hydroxyl terminals (-OH) [3]. It is not clear which one is dominant. 

Methods to address this issue are proposed as future work and will be discussed in detail 

later in this Chapter. 
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7.1.3  VUV-induced Exacerbation of Cu Migration into a-SiOC:H 

A low-k a-SiOC:H sample from Intel (k = 3.2, density of 1.5 g/cm3), because of its 

relevance as both an interlayer dielectric and as a candidate Cu capping-layer material, was 

used to study the effects of VUV irradiation on Cu migration into a-SiOC:H under various 

bias-temperature stress conditions. This dense low-k a-SiOC:H thin film has the potential 

to replace traditional capping-layer dielectrics (e.g. a-SiCxNy:H with a k value of 4.5 ~ 7.0) 

and thus to serve as novel capping layer. 

It was found that nine-eV VUV irradiation can exacerbate Cu transport into low-k 

a-SiOC:H under bias-temperature stress (BTS). Under a temperature of 120oC and an 

electric field of 2.5 MV/cm, the Cu migration rate was calculated to be 2.5×10-16 cm2/s in 

pristine a-SiOC:H dielectric and 5.4×10-16 cm2/s in 9.0 eV-exposed samples. The calculated 

high Cu migration rate after VUV irradiation comes from the ion drift in the presence of 

an electric field, which was not observed in the pristine sample. This is because in the 

pristine sample, Cu exists in the form of atoms rather than ions. While in 9.0-eV exposed 

samples Cu oxidization was observed. This effect is correlated with the number of hydroxyl 

free-radical sites (OH-) generated by VUV photon irradiation in the dielectric, as evidenced 

by XPS and FTIR measurements. 

Further analysis showed that Cu migration rate under BTS in VUV exposed a-

SiOC:H dielectric depends on the VUV photon energy. A threshold VUV photon energy 

was found by measuring the Cu migration rate as a function of photon energy, which is 

related to the Si-O dissociation energy (8.3 eV). Above this value, VUV irradiation can 

cause oxidation of Cu and create Cu+ ions at the interface between the Cu layer and the 
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dielectric layer. In the presence of an electric field, the progress of Cu migration into a-

SiOC:H will be exacerbated due to the Cu+ ion drifts. However, XPS depth profile 

measurements show that VUV irradiation does not affect diffusion of Cu atoms very much 

in the presence of an electric field, since the XPS depth profile of Cu migration under BS 

(in the case only diffusion occurs, without ion drifts) did not show a difference between 

the pristine and VUV-exposed samples. Thus, Cu migration includes diffusion and drift. 

From the XPS depth profile measurement, VUV irradiation causes enhanced Cu ion drift, 

but does not affect Cu diffusion very much. 

7.1.4  VUV-induced Deterioration of Extrinsic TDDB of Cu/a-SiOC:H 

Extrinsic TDDB of a-SiOC:H, (including the effects of Cu migration into the 

dielectric), were studied under various conditions (with and without VUV photon 

irradiation) using on a MIM structure configuration. This was compared with the intrinsic 

(not including the effects of Cu migration) TDDB characteristics of a-SiOC:H. 

XPS measurements on a pristine sample show Cu exists in the form of Cu atoms. 

Diffusion of Cu atoms into a-SiOC:H will degrade the TDDB lifetime. There was no 

difference whether the Cu electrode was used as anode or cathode. In this case, diffused 

Cu atoms accumulate near the region of the Cu electrode and shorten the distance between 

the anode and the cathode, resulting in an increase of the electric field under the same 

voltage bias. Because Cu atoms are electrically neutral, they do not drift in the presence of 

an electric field. 

Extrinsic TDDB of a-SiOC:H deteriorates after 9.0-eV VUV irradiation. The most 

significant degradation of the 63.2% time to failure (TTF) was found when the Cu electrode 
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was used as the anode in a 9.0 eV VUV-exposed sample. This is believed to be related to 

the Cu+ ions created by VUV irradiation, because 9.0 eV is above the previous observed 

threshold, which is 8.3 eV, for oxidation of Cu and creation of Cu+ ions within the sample. 

The drift of Cu+ ions into a-SiOC:H can cause them to act as charge trap centers, raising 

the local electric field to an extent where the field exceeds the breakdown strength. It can 

also lower the metal/dielectric interface Schottky barrier to electron injection/tunneling and 

thereby promote failure. 

7.1.5  Measurements of Schottky Barrier at Cu/a-SiOC:H Interface 

VUV photoemission spectroscopy was utilized to determine the potential of the 

Schottky barrier present at low-k a-SiOC:H/Cu interfaces, to fully explore the possible 

leakage paths for low-k/Cu interconnects. By examining the photoemission spectra before 

and after VUV exposure of a low-k a-SiOC:H (k = 3.2) thin film fabricated by plasma-

enhanced chemical-vapor deposition on a polished Cu substrate, it was found that photons 

with energies of 4.9 eV or higher can deplete accumulated charge in a-SiOC:H films, while 

photons with energies of 4.7 eV or less, did not have this effect. These critical values were 

identified so as to determine the electrostatic potential of the interface barrier between the 

a-SiOC:H and the Cu layers. Using this method, the Schottky barrier at the low-k a-SiOC:H 

(k = 3.2)/Cu interface was determined to be 4.8 ± 0.1 eV. 

This proposed method of VUV exposure/re-exposure followed by VUV 

photoemission spectroscopy has been shown to be useful and efficient by showing 

consistency with previously reported values. It has the potential to be applied to measure 

the barrier height of other metal/dielectric interface. 
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7.1.6  Band Diagram for Cu/low-k Damascene Interconnects 

The bandgap energy and valence-band edge (VBE) of the low-k a-SiOC:H 

dielectrics were measured using core-level XPS and valence-band XPS respectively. 

Defect-induced bandgap narrowing was observed in various ion-sputtered a-SiOC:H thin 

films and the reduction of the bandgap energy varies with the film composition. Valence-

band XPS measurements show that additional electron states are created near the VBE by 

ion sputtering. The bandgap reduction originates from an electron tail extended above the 

valence band maximum. Electron-spin-resonance measurements reveal that carbon-related 

defects inside of the low-k dielectrics are responsible for the measured bandgap narrowing. 

The combined band alignment and defect energy-level diagrams are presented so 

as to illustrate the barrier for electron injection from a Cu conductor into a low-k a-SiOC:H 

capping layer dielectric or interlayer dielectric in Cu/low-k damascene structures. 

Mechanisms for the previously observed VUV irradiation-induced increase in leakage 

currents and the degradation of TDDB in integrated low-k/Cu interconnect structures were 

discussed based on a proposed band diagram. The diagram suggests that the defects within 

the bandgap of the low-k dielectric films are largely responsible for electrical degradation 

and are likely to limit the dielectric reliability. 

A thin layer of CuO/Cu2O was also introduced into the band diagram, to include 

the effects of VUV-induced Cu oxidation at the interface of Cu and a-SiOC:H. It showed 

that the conduction-band edge (CBE) of the CuO layer generally aligns with the Si 

dangling-bond defects in the low-k a-SiOC:H dielectric. Electrons are likely to cross this 

interface and to move inside the dielectric due to the presence of defect states below the 
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CBE. These conduction pathways enable Poole-Frenkel conduction.[4] One would 

anticipate that electrical leakage would likely increase if such a Cu-oxide layer, induced by 

VUV-photon irradiation during plasma processing, is present in a Cu/low-k damascene 

structure. 

The dense a-SiOC:H (k=3.2) used in this work is a state-of-the-art low-k dielectric 

material, due to its relevance as both an interlayer dielectric and candidate Cu capping-

layer material. Although this a-SiOC:H was primarily studied in this work, the conclusions 

here may be applied to other Si-based low-k dielectrics with similar chemical compositions 

but with different k-values or porosities. As long as the future candidates of low-k 

dielectrics still contain Si-CH3 groups and Si-O-Si networks, the conclusions of this work 

will likely apply. Additionally, it is hoped that the defect-enriched band diagrams 

established in this work will provide an improved platform for understanding of Cu/ low-

k interconnect reliability and become a physics-based platform for investigating hydrogen, 

moisture, and other reliability failures in greater detail. 

 

7.2 Suggestions for Future Work 

Over the course of this work, the role of VUV-induced degradation on the reliability 

and electronic properties of BEOL Cu/low-k organosilicate interconnects has been 

investigated. All of the results suggest that during the fabrication process, the VUV photons 

generated during plasma processing can cause a reliability issue to Cu/low-k interconnects. 
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As a result, there are still challenges for successful integration of Cu wires with low-k 

dielectrics. In this section, recommendations for future investigations are proposed. 

7.2.1  Temperature Dependence of VUV-induced Damages 

In this work, all of the VUV irradiation was performed at room temperature. 

However, it will be useful to look into the temperature dependence of VUV-induced 

damage. This is because VUV-induced damage involves chemical reactions and diffusion 

of radicals (like -CH3 and -OH radicals) of gas-phase molecules (like CH4 and H2O). The 

rate of chemical reaction and diffusivity of molecules significantly depends on the 

temperature. It was shown that the same plasma processing at lower temperature resulted 

in less damage to low-k dielectrics.[5] 

Understanding the amount and type of VUV-induced damage as a function of 

temperature (both above and below room temperature) will help to develop and improve 

cryogenic plasma-processing methods. 

7.2.2  Depth Profile of VUV-induced Damage in a-SiOC:H 

This work has shown that VUV irradiation can damage both the surface (measured 

with XPS) and the bulk (measured with FTIR) of a-SiOC:H thin films. However, the 

mechanism by which the defects change as a function of depth of the film after irradiation 

with VUV photons of different energies is not clear. For example, it is not clear that the 

VUV-induced increase of a-SiOC:H hardness is uniform at the surface and in the bulk. 

Such non-uniform mechanical changes can cause physical stress accumulated inside of the 
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materials and cause reliability issues, such as increased leakage current and early 

breakdown.[6], [7] 

XPS depth profiles used in this work are a good way to study the Cu distribution 

profile in a-SiOC:H but they are not well suited to show any depth-dependent damage from 

VUV irradiation.[8] This is because the XPS depth profile method utilizes high energy Ar+ 

ions to sputter the film. The damage created by high-energy Ar+ sputtering can exceed most 

VUV-induced damage.[9],[10] 

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) [11] could be used 

to accurately analyze the depth profile of each element of the film. For example, measuring 

the depth profile of carbon using TOF-SIMS can provide information about VUV-induced 

carbon depletion at different depths.[12] X-ray reflectivity (XRR) measurements could be 

used to measure the depth profile of the mass density of the film.[13] If the VUV-induced 

damage is not vertically homogeneous, it could be measured by examining the chemical 

changes using TOF-SIMS or examining the density changes using XRR. 

7.2.3  Moisture-assisted TDDB of Cu/low-k Interconnects 

This work has shown VUV irradiation can change the a-SiOC:H surface from 

hydrophobic to hydrophilic, causing moisture uptake from the ambient, which will further 

degrade the dielectrics and is undesirable.[3] More generally, both physical bombardment 

by energetic ions, and their reaction with radicals during plasma processing can result in 

an increase in the hydrophilic silanol content in low-k dielectrics, causing the same 

problem.[3],[14] This is not only true for plasma etching processes but might also be true 

for PECVD processes. Kubasch et al [15] have shown that if water is in the dielectric film, 
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the leakage-current density increases of about 6 orders of magnitude from the ionization of 

water molecules under an applied electric field. 

However, further research is needed for a complete understanding of the moisture-

assisted TDDB of Cu/low-k damascene interconnects. A temperature-programmable oven 

equipped in a humidity-controllable chamber can be used to study the roles of physisorbed 

and chemisorbed moisture in TDDB degradation, by annealing the samples at 190 °C and 

400 °C respectively.[16] These heating processes drive off the absorbed water. The 

transport of ionized-water molecules under different water concentration and electric-field 

conditions, along with the resulting TDDB performance, need to be characterized. It will 

also be important to find out whether the absorbed water will react with Cu and further 

degrade the TDDB performance of Cu/a-SiOC:H damascene structures.[14] 

7.2.4  Alternative Methods to Mitigate VUV-induced Damage 

In the long run, new solutions to mitigate VUV-induced damage are needed. Based 

on the results observed in this work, VUV photons with energies higher than the threshold 

value of 8.3 eV will cause increased leakage currents, exacerbated Cu migration and 

degraded TDDB lifetimes in Cu/low-k dielectrics. At the same time, VUV photons with 

energies smaller than this threshold did not show significant damage effects. Therefore, 

one possible way to mitigate VUV-induced damage to Si-based low-k dielectrics is by 

developing new plasma etchants that do not generate high-energy photons. 

In the latest work of Otell et al [17], they suggest using CF3I as a replacement for 

CF4 gas to decrease the plasma-induced damage on low-k dielectrics during etching. They 

observed that there is almost no VUV emission below 150 nm (energy > 8.3 eV) in a CF3I 
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plasma, as shown in Figure 7-1, while the other parameters, such as etch rate, selectivity 

etc, did not show much difference compared to a CF4 plasma. Furthermore, a CF3I plasma 

is environmentally benign and can be generated using the same equipment as CF4 plasma, 

without significant additional cost or safety issues. [18]This is an exciting result for 

mitigating the damage to a-SiOC:H from VUV photon irradiation. 

 

Figure 7-1 VUV emission of CF3I plasma in the VUV range (80 ≤ λ ≤ 220 nm).[17] The 

different colors represent different ranges of VUV photon wavelengths. 

An alternative method to mitigate the process-induced reliability issues of Cu/low-

k interconnects is by developing new materials or manufacturing methods for low-k 

dielectrics to maintain lower k-values without losing mechanical/electrical strength. For 

example, amorphous hydrogenated boron carbon nitride (a-BCN:H) films [19], exhibiting 

elastic modulus values between two and ten times greater than those of state-of-the-art Si-

based dielectric materials across a wide range of k values, are becoming a recent focus of 

study.[20],[21] 

In particular, optimized a-BCN:H films with moderate k values in the range of 3.0 

- 4.0, in addition to having outstanding mechanical properties (modulus of 100-150 GPa, 
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which are 10 - 20 times larger than that of porous a-SiOC:H), [20],[22] simultaneously 

exhibit excellent electrical properties (leakage currents of < 10-8 A/cm2 at 2 MV/cm and 

breakdown voltages > 5 MV/cm).[19] a-BCN:H films in this range also demonstrate 

resistance to Cu diffusion to at least 600 °C, as well as chemical stability and etch properties 

suitable for low-k diffusion barrier/etch-stop applications.[19],[23] Cesium ion-

implantation has been recently shown to be able to improve the mechanical properties of 

a-SiOC:H thin film by up to 30% [24], which is either comparable to or better than the 

effects of UV-curing.[25] This could be a supplement to or a substitution for the currently 

used UV-curing method for low-k a-SiOC:H films[25]. However, further research is 

needed to examine the effect of Cs implantation on leakage currents and TDDB lifetimes. 
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