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Abstract 

 

THERMAL-MECHANICAL STRESS MEASUREMENT AND ANALYSIS 

IN THREE DIMENSIONAL INTERCONNECT STRUCTURES WITH 

RAMAN SPECTROSCOPY 

 

Qiu Zhao, M.A. 

The University of Texas at Austin, 2013 

 

Supervisor:  Ho, Paul S. 

 

Three-dimensional (3-D) integration as an effective method to overcome the wiring limit 

imposed on device density and performance with continued scaling. The application of TSV 

(Through Silicon Via) is essential for 3D silicon integration and 3D IC integration. TSV are 

embedded into the silicon substrate to form vertical, electrical connections between stacked IC 

chips. However, due to the large CTE mismatch between Silicon and Copper, thermal stresses 

are induced by various thermal histories from the process, and they have caused serious concerns 

regarding the thermal-mechanical reliability. In this thesis, we mainly used Micro- Raman 

spectroscopy characterized the thermal-mechanical stress distribution at both near surface and 

cross-section of Si around TSV.  

 

First we use the conventional Raman, to measure the linear combination of in-plane stress 

components. The local distribution of near-surface stress in Si has been measured, in comparison 

with stress analysis of the TSV structure based on a semi-analytic approach and finite element 
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analysis.  The effects of residual stress in surface oxide layer and the interaction of stress field 

of neighboring TSVs are evaluated experimentally. 

 

Second, the limitation of conventional Raman measurement is discussed, and two different kinds 

of innovative Raman measurements have been developed and employed to study the normal 

stress components separately by taking advantages of different laser polarization configuration. 

The top view Raman measurements utilize so called “High NA effect” to obtain additional 

information, and can resolve all 3 normal stress components near the top surface of silicon. From 

the cross-section Raman measurements, the in-plane stress distribution in Silicon on the cross-

section can be determined with reasonable assumption based on FEA simulation. There shows 

good agreements between FEA simulation and experimental data in general.   
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Chapter 1 

Introduction 

1.1 Background and motivation 

1.1.1 Conventional interconnects and packaging methods 

In the manufacture of modern computer chips, the process flow can be divided into two 

steps: Front-End-of-the-Line (FEOL) process and Back-End-of-the-Line (BEOL) process. In the 

FEOL process, individual devices, such as transistors which amplify and switch electronic 

signals, are patterned and fabricated on the surface of a silicon wafer. Subsequently, in the BEOL 

process, insulating layers (dielectrics) and metal lines are deposited and fabricated to 

interconnect the devices on the wafer.  

Chips are then integrated into chip package (or semiconductor device assembly) through 

several methods, such as the mature technology involving series of steps including die attach, 

wire bonding, and IC encapsulation and an advanced technology with flip chip packaging, etc. 

Particularly, in the flip chip packaging method, the silicon chip is flipped face down and 

electrically connected to the substrate through an area array of solder bumps. Fig 1.1 

 

Fig. 1.1 Illustration of a flip-chip packaging [Source: Freescale website] 
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The flip chip method offers several advantages, such as smaller packaging size, large I/O 

density, and higher performance and reliability, and it is widely used as the current packaging 

technology. 

 

1.1.2 Cu/low-k interconnect 

The proposal of doubling the number of transistors on an IC chip every 24 months by 

Gordon Moore in 1965 (also called Moore’s law) has been the most powerful driver for the 

advancement of the microelectronics industry in the past 46 years. This law emphasized 

lithography scaling and integration (in 2D) of all functions on a single chip, perhaps through 

system-on-chip (SoC). [1]The challenges are mainly due to the interconnect delays, also known 

as Resistive-capacitive (RC) delay, which can be expressed by the following formula [2] 

𝑅𝐶 = 2𝜌𝜅𝜀0 (
4𝐿2

𝑃2 +
𝐿2

𝑇2)       [1.1] 

where 𝑃 = 𝑊 + 𝑆 is the pitch size between the neighboring interconnects, L is the line length, W 

is the interconnect line width, T is the height of the interconnects, 𝜌 is the resistivity of the 

interconnect materials, 𝜅  is the dielectric constant of the dielectric materials between the 

interconnect lines, and 𝜀0  is the vacuum permittivity. A scaling effect on the RC delay is 

illustrated in Figure 1.2. 
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Fig. 1.2 Scaling effect on RC delay in interconnects 

 

As shown in Figure 1.3, with the scaling of the gate length, gate oxide thickness, and 

junction depth, the corresponding scaling of interconnects will cause an increase in RC delay of 

interconnect. [3] This can limit the overall performance of the chip and cause serious challenges 

for future development of higher performance chips.  

 

1.2 3-D integration with through-silicon Vias (TSVs) 

 

3-D integration, where several classes of IC chips are stacked in the vertical direction, 

appears to be an effective way to overcome the wiring limitation imposed on chip performance, 

device density and power consumption beyond the current technology. [4] [5] [6] The 3-D 

integration can achieve a high circuit density and performance through a heterogeneous 

integration of multiple IC chips. The application of through-silicon via (TSV) is essential for 3D 
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silicon integration and 3D IC integration [7] [8] [9]TSVs are processed either through the IC 

chips or in the silicon interposer to form vertical, electrical connections between stacked IC chips 

 

Fig. 1.3 Gate and interconnect delay versus feature size [3] 

 

Major advantages of 3D integration include: (a) better electrical performance; (b) lower power 

consumption; (c) higher device density and smaller packaging form factor. [10] The benefits (a) 

and (b) can be interpreted from a conceptual illustration, as shown in Fig. 1.4. In Fig. 1.4(a), a 

logic chip and memory chip are connected by current 2-D interconnects. Wires that connect 

between chips can be as long as the lateral dimension of chips, i.e. a length of a centimeter scale. 

The relatively long transmission route could result in a signal delay that degrades the electrical 

performance. This is also known as the memory latency. In Figure 1.4(c), two IC chips are 

connected vertically using 3-D interconnects with TSVs. The wiring distance between two chips, 

if properly designed, can be as short as the vertical dimension between the chips, which is 
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usually in the micron scale. Consequently, 3-D infrastructures can significantly reduce the 

memory latency and hence improve the chip performance. 

 

Fig. 1.4 Schematic diagrams showing the difference between 2-D and 3-D interconnects: (a) 2-D 

SiP integration; (b) SOC integration; (c) 3-D integration. [11] 

 

The other benefit of 3-D integration is to increase the device density while to reduce the 

package form factor. An example of interconnects of Matrix 3D memory is illustrated in Figure 

1.5. By stacking chips together, the device density in the unit area is increased by 4 times 

equivalently. In the meanwhile, by wafer-thinning, the total package thickness won’t increase or 

even decrease.  Therefore, 3-D integrated memory has a tremendous potential for mobile 

communication devices since it enables massive data storage in a more limited space 
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Fig. 1.5 Illustrations of Cu interconnect with TSV in 3-D stack die memory [Source: Matrix 

Semiconductor Inc.] 

 

1.2.1 Process flow for TSV fabrication 

The fabrication of TSVs involves three key processes [12] [13] [14] [15]: 1) via hole 

etching, 2) TSV filling by electroplating, and 3) Si wafer thinning and wafer bonding/deboning. 

Depending on when the TSV processing is done in the interconnect fabrication, the terms such as 

via first, via middle, and via last have evolved. Currently, the via-middle process is the most 

popular, and it is described in more detail below.  

Via middle process 

Fig 1.6 schematically illustrates the via-middle process, which is performed in between 

the FEOL and the BEOL fabrication process. A typical via-middle process to fabricate TSVs 

with a diameter of 10um and a depth of 50um in the Si substrate is described as the following. 

First, lithography is done to pattern via openings across the wafer. Second, Deep reactive-ion 

etching DRIE is used to create via holes of desired dimensions. This is then followed by 
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deposition of oxide liner on the via side walls. The oxide layer reduces capacitance and improves 

electrical isolation between the TSVs and the silicon substrate. To prevent diffusion of Cu into Si 

substrate, a thin barrier layer (50nm usually) of Ta/TaN or Ti/TiN is deposited after the oxide 

layer. Third, a thin Cu seed layer is first deposited on the barrier layer and then the vias are filled 

by the electroplating process. A subsequent annealing step could be applied to stabilize the Cu 

grain structures and relax the residual stresses. Fourth, CMP is conducted to remove the Cu 

overburden, Ta/TaN layers and oxide liner. The fabrication of TSV structure is followed by the 

BEOL process in which interconnects are made and bonding pads are patterned. Finally, the Si 

substrate is thinned down to the optimized TSV height to expose the bottom of the TSV for the 

following BEOL process. 

 

Fig. 1.6 Via-middle process for TSV structures [16] 

 

1.2.2 Reliability concerns in TSV structure 

As there are two side of a coin, when taking advantage of 3-D integration, the reliability 

concerns have been raised due to the introduction of TSV into the package. Due to the CTE 

mismatch between the Cu and silicon, thermal stresses are generated during processing and 

thermal cycling of the TSV structures. [16].The thermal stress can cause interfacial delamination, 

cracking of Si, and mobility degradation of stress-sensitive devices.  
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Protrusion, also called pop-up, of TSV during the thermal treatment is another frequently 

observed failure mode for TSV.(Fig. 1.7a) The protrusion of TSV can cause further mechanical 

failures, such as cracking or lifting of the dielectric layers built up over TSVs. (Fig 1.7b, Fig. 

1.7c) [17]The via pop-up phenomenon is considered to be combined results of several different 

mechanisms, such as microstructure evolution of copper in TSV, the plastic deformation of Cu 

near the surface of the TSV and others. Among all those factors, the plastic deformation induced 

by thermal stress generated due to the CTE mismatch is considered to be the most important 

To understand the failure mechanisms in the TSV structures, it is essential to 

experimentally characterize the induced stresses and material behaviors under thermo-

mechanical conditions equivalent to TSV fabrication.  
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Fig. 1.7 Thermomechanical reliability issues in TSV structures [Source: Samsung [17]]: (a) 

Interfacial delamination; (b) Silicon Cracking; (c) Via extrusion (Pop-up)  

 

1.3 Scope of this thesis 

In this thesis, analytic and numerical approaches are applied, along with experimental 

measurements to study the thermal stress characteristics of TSV structures with the objective to 

understand the thermal mechanical reliability for 3-D integration. In particular, thermal stresses 

of TSV structures are analyzed. Raman spectroscopy is chosen to be the primary experimental 

method [18] [19] [20] [21] [22]. This is followed with finite element analyses to interpret the 

experimental results and to understand the stress induced reliability of TSV structures. This 

thesis is organized as follows.  

As an introduction, Chapter 1 presents a brief review of background and motivation for 

this work.  This chapter covers the conventional interconnect and packaging scheme as well as 

the current challenge related to the interconnect. As an effective solution to overcome the 

challenges, the advantages of 3D integration are introduced and the via-middle fabrication 

processes are described.  

In chapter 2, a brief review of Raman spectroscopy is presented as well as the physics 

behind it, and then the Raman spectroscopy is employed to measures a certain combination of 

the near-surface stresses for periodic TSV arrays. The results are compared with semi-analytic 

solution as well as finite element analysis (FEA) to gain understanding of the stress distribution. 

Moreover, the effect of residual stress in both side wall and top oxide layer and interaction of 

stress field from an adjacent via investigated. 
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In chapter 3, two innovative Raman techniques for stress measurement are presented and 

employed to study the TSV structure. First, by introducing the so called “High numerical 

aperture” effect, additional information is obtained by selecting  proper polarization 

configuration in the experiment. Based on this method, all the normal stress components can be 

obtained from the experimental data. Second, Raman measurement on the axial cross-section of 

the TSV structure is presented. Again, by selecting proper polarizations of the scattering light, 

two independent Raman peak shifts can be observed on the same scan location. With FEA 

simulation, in-plane stress components can be determined can be determined on the cross-section 

of TSV from experimental data.  

In conclusion, Chapter 4 summarizes the results from the present study and suggests 

potential directions for the future work. 

 

 

 

 

 

 

 

 

 

app:ds:innovative
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Chapter 2 

Near-Surface Stress Measurement with Conventional Raman Spectroscopy 

 

In this chapter, first, a semi-analytic approach is introduced to serve as a proper approach to 

understand stress distributions in TSV structures. [23] This is followed by application of finite 

element analysis for more accurate prediction of stress behavior according to the real geometry 

of our sample. The conventional Raman method is used to measure the linear combination of in-

plane stress components near silicon top surface.  The comparison between experimental results 

and FEA calculation shows a reasonable agreement, but there is minor discrepancy when 

approaching the TSV. The effect of residue stress in both surface and sidewall oxide layer is 

investigated by conventional Raman spectroscopy, and compared with FEA simulation. The 

results show that the stress state of oxide layer does contribute to the minor discrepancy observed, 

and should be considered as an important factor for the near surface stress distribution.  

2.1 Underlying Theory of Raman spectroscopy 

The vibrations of a crystal are described not in terms of the vibrations of individual atoms 

but in terms of collective motions in the form of waves, called lattice vibrations. Each possible 

vibration j of the lattice is characterized by a wave vector qj and a frequency ωj. The vibration 

amplitude, at position r, is given by 

 

𝑄𝑗 = 𝐴𝑗 exp [±(𝑞𝑗 ∙ 𝑟 − 𝜔𝑗𝑡)]                                                                                                    [2.1] 

 

where 𝑄𝑗 is the normal coordinate of the vibration [24] [25] [26] and 𝐴𝑗 is a constant. Such a 

quantized lattice vibration is called phonon in physcis. These lattice vibrations may cause a 
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variation in the electrical susceptibility of the crystal, which can give rise to ‘Raman scattering’. 

A classical way to explain Raman scattering is the following. [27] When monochromatic light of 

frequency 𝜔𝑖 is incident on a crystal in a direction ki, the associated electric field E will induce 

at position r an electric moment P, which is related to E through  

 

𝑃 = 𝜀0𝜒 ∙ 𝐸0exp [𝑖(𝑘𝑖 ∙ 𝑟 − 𝜔𝑖𝑡)]                                                                                             [2.2] 

 

where  𝜒 is the susceptibility tensor, which describes the response of the crystal to the electric 

field. If the atoms of the sample are vibrating, the susceptibility may change as a function of 

these vibrations. This can be expressed by expanding 𝜒, for each normal mode of vibration j, in a 

Taylor series with respect to the normal coordinate of this vibration  𝑄𝑗 : 

 

𝜒 = 𝜒0 + (
𝜕𝜒

𝜕𝑄𝑗
)0𝑄𝑗 + (

𝜕𝜒

𝜕𝑄𝑗𝜕𝑄𝑘
)0𝑄𝑗𝑄𝑘 + ⋯                                                                            [2.3] 

 

which can be redefined as: 

 

𝜒𝑗 = 𝜒0 + 𝜒𝑗
1𝑄𝑗 + 𝜒𝑗

2𝑄𝑗𝑄𝑘 + ⋯                                                                                             [2.4] 

 

 

The first term will give rise to Rayleigh scattering, the second to first-order Raman scattering, 

and the third to second-order Raman scattering (two phonons are involved). For simplicity, the 

third and higher-order terms are neglected in Eq. [2.3]. Combining equations [2.1] to [2.3] results 

in 
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𝑃 = 𝜀0𝜒0 ∙ 𝐸0 exp[𝑖(𝑘𝑖 ∙ 𝑟 − 𝜔𝑖𝑡)] + 𝜀0𝐸0(
𝜕𝜒

𝜕𝑄𝑗
)0𝐴𝑗 exp[−𝑖(𝜔𝑖 ± 𝜔𝑗)𝑡] exp [𝑖(𝑘𝑖 ± 𝑞𝑗) ∙ 𝑟)]                           

[2.5] 

From this it follows that the induced moment will reradiate light which has three distinct 

frequency components: 𝜔𝑖, which is called Rayleigh scattering, and 𝜔𝑖 + 𝜔𝑗 and 𝜔𝑖 − 𝜔𝑗, which 

are called anti-Stokes and Stokes Raman scattering, respectively. This will only be observed if 

𝜒𝑗
1  differs from zero. The scattering efficiency, I, depends on the polarization vector of the 

incident and scattered light, and is given by 

 

𝐼 = 𝐶 ∑ |𝑒𝑖 ∙ 𝑅𝑗 ∙ 𝑒𝑠|
2

𝑗                                                                                                                    [2.6] 

 

 

where C is a constant and 𝑅𝑗 is the Raman tensor of the phonon j . The 𝑅𝑗s are obtained from 

group theoretical considerations [25] [28]. They are second-rank tensors which are proportional 

to 𝜒𝑗
1, and they are used to calculate the polarization selection rules. Loudon [28]derived the 

Raman tensors for each of the 32 crystal classes (symmetry point groups). For silicon, there are 

three Raman tensors. In the crystal coordinate system x = [100], y = [010] and z = [001] they are 

given by 

 

𝑹𝟏 = (
0 0 0
0 0 𝑑
0 𝑑 0

),     𝑹𝟐 =
1

√2
(

0 0 𝑑
0 0 0
𝑑 0 0

),    𝑹𝟑 = (
0 𝑑 0
𝑑 0 0
0 0 0

)                            [2.7] 
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For back scattering from a (001) surface, 𝑅𝑥  and 𝑅𝑦  correspond to scattering by 

transverse optical phonons (TO), polarized along x and y, respectively, and 𝑅𝑧 corresponds to 

scattering by longitudinal optical phonons (LO), polarized along z. Of course, the 

characterization of a phonon as longitudinal or transverse depends on the surface from which 

scattering is observed. For back scattering from a (100) surface, 𝑅𝑥  corresponds to the LO 

phonon. 

 

Table 2.1 shows which of the three modes can be observed for different polarization 

directions (from equation 2.6). It follows from this table that, for back scattering from a (001) 

surface, only the z-polarized phonon can be observed (𝑅𝑧 matrix), while for back scattering from 

(110) (for example on a cleaved wafer), either the 𝑅𝑧 or the 𝑅𝑥 and 𝑅𝑦 matrices can be involved. 

In the absence of stress, the corresponding three optical Raman modes of silicon have the same 

frequency of about 𝜔𝑗0 = 520.5𝑅𝑐𝑚−1(j =1, 2, 3). They are degenerate. (Rcm
−1

 = relative cm
−1

) 

 

From a quantum physical point of view, Raman scattering involves the destruction of a 

photon with frequency  ωj , incident from a light source, and the creation of a photon with 

frequency ωs. 

 

Table 2.1 Polarization selection rules for back scattering from a (001) surface or (110) surface 

[26] 
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  Fig. 2.1 shows a typical Feynman diagram and the related energy levels for a first order 

Stokes scattering process. The scattering cross section can be calculated by treating this three-

step process using third-order perturbation theory [28]. An electron–hole pair is created through 

interaction of the incident photon (frequency i) with an electron. By this interaction, the 

electron goes from the ground state |0⟩ to a state |1⟩. By electron–phonon interaction, where a 

phonon of frequency 𝜔𝑗  is created (or annihilated in anti-Stokes), the electron goes from state 

|𝑙⟩ to state  |𝑚⟩ . By recombination of the electron–hole pair, a photon with frequency 𝜔𝑠 is 

emitted. Because conservation of momentum is required for each intermediate step, whereas 

conservation of energy is required only for the overall process, both real and virtual intermediate 

states are allowed. Further, the three steps described above are taking place instantaneously, so 

the order in which they occur is not important. This results in six types of this kind of process. 
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Figure 2.1 Feynman diagram and related energy levels for a first-order Stokes scattering process 

[27] 

 

2.2 Effect of Stress on the Raman Modes of Silicon 

 

Mechanical strain or stress may affect the frequencies of the Raman modes, and lift their 

degeneracy. One of the first papers addressing theoretically the effect of stress on the Raman 

modes was that by Ganesan et al [29]. They showed that the frequencies of the three optical 

modes in the presence of strain, to terms linear in the strain, can be obtained by solving the 

following secular equation [30] [29] 

 

 

 

 [2.8] 

 

Here p, q and r are the material constants, the so-called phonon deformation potentials. The 

difference between the Raman frequency of each mode in the presence of stress, and in the 

absence of stress, 𝜔0, can be calculated from the eigenvalues 𝜆𝑗: 

 

𝜆𝑗 = 𝜔𝑗
2 − 𝜔𝑗0

2  𝑜𝑟 Δ𝜔𝑗 = 𝜔𝑗 − 𝜔𝑗0 ≈
𝜆𝑗

2𝜔𝑗0
                                                                                [2.9] 

 

The polarization direction of each mode, in the presence of stress, is described by the 

corresponding eigenvectors of the secular equation. For example, for uniaxial stress 𝜎 along the 
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[100] direction, one first calculates the strain tensor components, using Hooke’s law. This 

gives  𝜀11 = 𝑆11𝜎, 𝜀22 = 𝑆12𝜎 and 𝜀33 = 𝑆12𝜎 , where the 𝑆𝑖𝑗  are the elastic compliance tensor 

elements of silicon. Solving equations 2.8 and 2.9 leads to 

∆𝜔1 =
𝜆1

2𝜔0
=

1

2𝜔0

(𝑝𝑆11 + 2𝑞𝑆12)𝜎 

Δ𝜔2 =
𝜆2

2𝜔0
=

1

2𝜔0

[𝑝𝑆12 + 𝑞(𝑆11 + 𝑆12)]𝜎 

Δ𝜔3 =
𝜆3

2𝜔0
=

1

2𝜔0
[𝑝𝑆12 + 𝑞(𝑆11 + 𝑆12)]𝜎 

                                                                                                                                          [2.10] 

 

The Raman tensors and mode polarization vectors are not changed. So, for back scattering from 

a (001) surface, only the third Raman mode is observed (Table 1, Eq. [2.6]), and the relation 

between the shift of this mode and the stress is given by the third relation in equation [2.10] 

Using 

 

𝑆11 = 7.68 × 10−12𝑃𝑎−1 

𝑆12 = −2.14 × 10−12𝑃𝑎−1 

𝑆44 = 12.7 × 10−12𝑃𝑎−1 

, and 𝑝 = −1.43𝜔0
2, 𝑞 = −1.89𝜔0

2 𝑎𝑛𝑑 𝑟 = −0.59𝜔0
2 [30], from equation [2.10], 

 

∆𝜔3(𝑐𝑚−1) = −2 × 10−9𝜎(𝑃𝑎) 

 

In the case of biaxial stress in polar coordinate system, with stress components 𝜎𝑟 and 𝜎𝜃 , this 

becomes 

𝜎𝑟 + 𝜎𝜃(𝑀𝑃𝑎) = −470∆𝜔3(𝑐𝑚−1)                                                                [2.11] 
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From this it follows that compressive uniaxial or biaxial stress will result in an increase of the 

Raman frequency (positive Δ𝜔3), while tensile stress will cause a decrease (negative Δ𝜔3). 

 

2.3. Experimental Description 

A Renishaw inVia Raman Spectrometer (Fig. 2.2) was used for the Raman 

measurements, equipped with 532nm laser and a focused laser spot size of about 0.8 µm by a 

100x objective (NA = 0.85). Two types of TSV samples are investigated in this chapter. Sample 

1 consists of a large periodic TSV arrays. The diameter of the TSV is 10um with 50um pitch in 

the x direction and 40um pitch in the y direction. The depth of the TSV is 55um. The surface of 

silicon is coverd by a thin layer (~0.2um) of oxide.  Sample 2 consists of a periodic 2 by 2 arrays 

of Cu vias of diameter (D) of 5.5µm with a 9~20 μm pitch size. The surface of Si is covered by 

an oxide layer of about 2µm thickness (h). In addition, an oxide barrier layer of about 0.25 µm 

thick was deposited at the via/Si interface. The general structures of the TSV are similar  as 

illustrated in Figs. 2.3 (a), (b),  and (c), which show the scanning profile along (110) direction on 

100 wafer across two adjacent vias.  With Eq. [2.11], the sum of the two principal stresses in Si 

can be deduced directly from the Raman shift, which is a volume average over the region defined 

by the area of the focused laser spot and the penetration depth. 
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Fig. 2.2 Picture of Renishaw inVia Raman system 

 

        

(a)                                                (b)                                                       (c) 

Fig. 2.3 Schematic of (a) fully filled TSV structure near the wafer surface; (b) top view of a 2 by 

2 TSV array; (c) illustration of Raman scan path illustration 

 

2.4 Analysis of Near-surface Stresses 

 

An approximate analytical solution for the stress field induced by coefficient of thermal 

expansion (CTE) mismatch between sopper and silicon around a circular TSV embedded in a Si 

wafer was obtained by S. Ryu [23]. Using the 3D analytical solution, the sum of the in-plane 
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stresses is studied in comparison with the Raman measurements. The sum of the radial and 

circumferential stresses in the TSV structures is obtained as  
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                                                               [2.12] 

 

The distribution of all in-plane stress components are plotted in Fig. 2.4a [23]. It is found 

that the two stress components in Eq. 2.12 have the opposite signs but the similar magnitude, so 

the magnitude of the stress sum is expected to be small. This suggests that the Raman signal 

could be small even though the magnitude of stresses components is large. Furthermore, 

according to Eq. 2.12, it is found that at the wafer surface (where z=0), the stress sum is 

identically zero, and its magnitude increases with the depth (z) in the near-surface region as 

shown in Fig. 2.4b.  This suggests that the Raman signal depends on the laser penetration depth, 

and Raman measurement results with different laser wavelength.  
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(a) 

 

(b) 

Fig. 2.4 Near-surface stresses around an isolated TSV without oxide layer predicted by the semi-

analytical solution ( 100oT C   , 10D  μm). (a) Stress components at z = 0.2 µm; (b) Sum of the 

in-plane normal stresses at different depths. [23] 

 

Although the semi-analytical solution is a powerful tool to understand the qualitative 

stress distribution around TSV, the major assumptions made to simplify the results, will result in 

discrepancy of the stress distribution from the real case. Numerical analysis-based finite element 

method is utilized to gain better understanding of the stress distribution near the TSV structures. 

Two major assumptions are lifted in our numerical model: First, different materials in the TSV 

structure—the Cu via and the oxide—are considered with their elastic moduli to be taken as 

linear elastic and isotropic, 110GPa and 70GPa, respectively. The detailed property used in the 

model is listed in Table 2.2. The thin Ta layer, 0.2um thick, has negligible effect on the stress 

state in Si, thus ignored in the finite element analysis (FEA) for stresses. Second, the elastic 

anisotropy of Si is taken into account by using the anisotropic elastic constants for Si crystal with 
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a cubic symmetry. As the 3-D FEA model consists of three different materials (Cu, Oxide, and 

Si) to simulate the periodic TSV array used for the Raman measurements. By symmetry, only a 

quarter of TSV array structure is modeled. To further reduce the computation time, the wafer 

thickness is taken to be 500 μm in the FEA model instead of 700 μm in the real specimen, while 

the TSV depth is still 55 μm. The top surface is traction free, and the out-of-plane displacement 

(z-direction) at the bottom surface is set to be zero. With such boundary conditions, increasing 

the wafer thickness has negligible effect on the near-surface stress distribution. Linear 3-D solid 

elements (Solid 185) in the ANSYS software are used, with a fine mesh near the surface 

(element size = 0.1 μm in the thickness direction and 0.2 μm in the lateral direction) and an 

increasingly coarse mesh away from the surface and TSV. 

  

 

 

Table 2.2 Thermomechanical properties used in finite element analysis 

 

 

The contours of the in-plane stress sum are calculated at the depth z =0.3m. As the stress 

components in out-plane direction are ignored, the summation of in-plane stress should be 

invariant among different coordinates system. In previous study, the summation is calculation in 

polar coordinates system, and the results are shown in Fig. 2.5, the summation 𝜎𝑟 + 𝜎𝜃 is the 

same as 𝜎𝑥𝑥 + 𝜎𝑦𝑦 in Cartesian coordinates. Using the anisotropic elastic property for the (001) 

silicon, the stress distribution as shown in Fig. 2.5b exhibits a four-fold symmetry, reflecting the 

cubical symmetry of silicon crystal.  
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Figure 2.5 distributions of the stress sum (
 r

) near the wafer surface (z = 0.2 µm) for 

(a) an isotropic Si model and (b) an anisotropic (001) Si wafer. [23] 

 

 

2.5 Comparison between Raman and FEA Results 

 

 Using Eq. [2.11], the measured Raman frequencies can be converted to the stress sum. To 

determine the reference frequency, 𝜔0, the Raman scans were not only performed between the 

vias but also extended to the bare silicon surface far away from the vias, where the stress sum is 

expected to be zero. As shown in Fig. 2.6a, the average Raman frequency obtained from the far-

field measurement gives the reference frequency. For this measurement, the surface oxide layer 

on the TSV sample was mechanically polished, and the sample was subsequently subject to an 

annealing step at 200C for 2 hours. All the Raman measurements were conducted after cooling 

down to the room temperature. In Fig. 2.6b, the measured Raman frequencies are converted to 

stress summation by Eq. [2.11], to compare with the stresses obtained from the FEA model. For 

the FEA model, the materials (Si, Cu and Oxide) were assumed to be linear elastic. As a result, 

the stress magnitude from the FEA model depended linearly on the temperature change, from a 
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reference temperature at which the stress is zero. In a separate study using the bending beam 

technique, the reference temperature for the TSV specimen was determined to be around 100C, 

and thus Δ𝑇 = −70 𝐶𝜊  [31] for the Raman measurements at room temperature. With Δ𝑇 =

−70 𝐶𝜊  the results from the FEA model are in reasonable agreement with the Raman data as 

shown in Fig 2.6(b). It is noted that the stress magnitude is relatively low in this case, which 

makes the Raman measurement difficult due to the relatively large noise-to-signal ratio. 

 

 

 

(a) 



25 
 

 

(b) 

Fig. 2.6 (a) Measured Raman intensity and frequency for a TSV specimen with the surface oxide 

layer polished off. (b) Comparison of the near-surface stress distribution between Raman 

measurements and finite element analysis. Vertical dash lines indicate the Cu/Si interfaces. 

 

Additional Raman measurements were performed for the TSV samples annealed at 300C 

for 1 hour. In Fig. 2.7, the stresses from the Raman measurements were compared to the FEA 

results with ΔΤ = −270𝐶. It was assumed that the annealing at 300C relaxed the stresses in the 

TSV specimen and thus raised the reference temperature for the induced thermal stresses upon 

cooling down to the room temperature. Compared to Fig. 2.6, the stress magnitude in Si has 

increased and fitting to the FEA results improved due to the higher reference temperature. This is 

consistent with the bending beam measurement reported in the literature [31] 

(b) 
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 Fig 2.7 Comparison of the near-surface stress distribution between Raman measurements and 

finite element analysis, for a TSV specimen annealed at 300
o
C for 1hr. 

 

2.6 Residual Stress in Oxide 

 

During the study, for sample 1, comparison of the near-surface stress distribution 

between FEA and Raman measurements on TSV samples having top oxide layer showed a minor 

discrepancy. One possible explanation for the discrepancy could be the residual stress level 

within the top and side wall oxide layer. For detailed study of the oxide layer effect, Sample 2 is 

chosen as its top oxide layer is significantly higher than Sample 1.  A 2 by 2 TSV array on 

Sample 2 was prepared by dipping into nitric acid to etch off copper in the TSVs, and then 

Raman spectroscopy was performed at room temperature (Fig. 2.8 (b)). Various residual stress 

levels are assumed in FEA model for comparative fitting with the experimental data.  As shown 

in Fig. 2.8 (a), FEA with an assumption of 150MPa residual compressive stress in the oxide layer 

gives a better agreement with the experimental data than the assumption of 50MPa compressive 
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stress gives. A smilar level of compressive stress state in oxide thin film has been reported 

previously by the beam curvature technique. [31] 

.   

(a) 

 

(b) 

Figure 2.8 (a) Raman peak shift around two adjacent TSV w/o copper; (b) Comparison of 

Raman peak shift between experimental data in (a) and FEA at z=0.2um with different residual 

stress in oxide layer 
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2.7 Characterization of Via Stress Field Interaction 

Thermal stresses induced in the TSV structures can affect the device performance by 

degrading the carrier mobility. Keep-out zone (KOZ) has been brought out as a reference for 

industry design. The effects due to stress interactions in a TSV array on the KOZ were 

investigated theoretically. The effect of stress interaction was found to depend on the ratio of 

pitch to diameter of the TSV array. To evaluate the stress interaction experimentally, 2 X 2 TSV 

arrays were annealed at 300C for 12 hours to assure full stress relaxation in copper, and then 

cooled down to room temperature.  As shown in Figs. 2.9 (a), (b), and (c), the minima of the 

Raman shift between the two TSVs is non-zero, and decreases with the increase of pitch size 

between the two vias. This is due to the stress field interactions between the two adjacent vias. In 

Fig. 2.9 (d), the interaction between the two adjacent vias diminishes to nearly zero and the two 

adjacent vias could be considered to be isolated from each other. From the comparison among 

Figures 2.9(a) through 2.9(d), it can be concluded that, for a -280C thermal load, a pitch to 

diameter ratio of 4 could be considered the distance where the stress interaction between the two 

TSVs does not exist any longer.  
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Fig. 2.9 Raman peak shift and Intensity with D= 5um and pitch size of (a) P=9um; (b) P=11um; 

(c) P=12um; (d) P=20um 

 

2.8 Summary 

A brief introduction to the Raman spectroscopy and the physics behind is given. The Micro-

Raman spectroscopy has been employed to study the thermal stress behaviors of TSV structures.  

The local distribution of near-surface stress in Si has been measured and comparison with 

stress analysis of the TSV structure based on a semi-analytic approach and finite element 

analysis.  The effect of residual stress in surface oxide layer and the interaction of stress field of 

neighboring TSV are evaluated experimentally. 
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Chapter 3 

High Numerical Aperture Effect and Raman Measurements 

 

In Chapter 2, it is showed how to provide high-resolution scans of the stress distribution in Si 

near the TSV. However, stress mapping using the conventional Raman technique has serious 

limitations since it is unable to measure all the lattice vibration modes described in the Raman 

theory. For example, for TSVs embedded in a (001) wafer, the only measurable polarization of 

vibration is the longitudinal optical phonon mode along (001)
 
[27] . Even for this vibration mode, 

only the sum of the in-plane normal stress components can be deduced
 
[32].  The normal stress 

components, however, are about equal in magnitude but opposite in sign.
 
[33]

 
[34] Thus not only 

that the stress components cannot be separately determined, the magnitude of the Raman signal 

(for sum of the stresses) is generally quite small.  This seriously limits the accuracy and 

usefulness of the Raman technique.  Finite element analysis (FEA) is commonly used to 

calculate the individual stress components and the results are correlated to the micro-Raman 

measurement.  The FEA simulation has considerable uncertainties by itself and requires careful 

validation of the assumptions made on the material properties and the constitutive relation, e.g. 

elastic or elastic-plastic used in the analysis.  

In this chapter, two techniques are developed to measure the normal stress components 

separately for both top-down and cross-section of TSV structures.  Different polarization 

conditions and so-called “High numerical aperture (NA)” effect are utilized during the 

experimental to observe the different Raman modes in order to deduce additional information 

from the experiments.  
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3.1 Top-down Raman Measurement for Full Stress Components Determination 

3.1.1 Secular Equation in Sample Coordinates System 

Following the discussion in chapter 2, the following secular equation is deduced with respect 

to the sample system, where x//110, y //1-10, and z//001:. 

|

𝑨 − 𝝀 (𝒑 − 𝒒)𝝐𝟏𝟐
′ 𝟐𝒓𝝐𝟏𝟑

′

(𝒑 − 𝒒)𝝐𝟏𝟐
′ 𝑩 − 𝝀 𝟐𝒓𝝐𝟐𝟑

′

𝟐𝒓𝝐𝟏𝟑
′ 𝟐𝒓𝝐𝟐𝟑

′ 𝑪 − 𝝀

| = 𝟎 

where 

𝑨 = 𝒑′𝝐𝟏𝟏
′ + 𝒒′(𝝐𝟐𝟐

′ + 𝝐𝟑𝟑
′ ) 

𝑩 = 𝒒′𝝐𝟏𝟏
′ + 𝒑′𝝐𝟐𝟐

′ + 𝒒𝝐𝟑𝟑
′  

𝑪 = 𝒑𝝐𝟑𝟑
′ + 𝒒(𝝐𝟏𝟏

′ + 𝝐𝟐𝟐
′ ) 

𝒑′ =
𝒑+𝒒

𝟐
+ 𝒓,     𝒒′ =

𝒑+𝒒

𝟐
− 𝒓                                                                                                     [3.1] 

 To obtain a general solution for the secular equation is non-trivial with the presence of all six 

strain tensor elements. However, the out of plane shear components (𝝐𝟏𝟑
′ , 𝝐𝟐𝟑

′ )  are usually small 

because of the zero traction near the surface, and the in-plane shear components (𝝐𝟏𝟐
′ ) can also 

be ignored at certain location for specific structure. In this simplified case the secular matrix is 

diagonal and the eigenvalues can be directly obtained as: 

𝝀𝟏
′ = 𝒑′𝝐𝟏𝟏

′ + 𝒒′𝝐𝟐𝟐
′ + 𝒒𝝐𝟑𝟑

′ , 

𝝀𝟐
′ = 𝒒′𝝐𝟏𝟏

′ + 𝒑′𝝐𝟐𝟐
′ + 𝒒𝝐𝟑𝟑

′ , 

𝝀𝟑
′ = 𝒒𝝐𝟏𝟏

′ + 𝒒𝝐𝟐𝟐
′ + 𝒑𝝐𝟑𝟑

′ .                                                                                                          [3.2]    
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If 𝜆1
′ , 𝜆2

′ , 𝑎𝑛𝑑 𝜆3
′  can be determined in an experiment, three independent strains (and 

corresponding stress components) could be determined. However, for the conventional Raman 

measurement only 𝜆3
′  is visible due to the limitation of polarization directions of scattered light. 

[7] 

3.1.2 Raman Measurements with High Numerical Aperture (NA) Configuration:  

It is possible to take advantage by applying high numerical apertures objective for Raman 

measurements in directions other than the z direction on a micrometric scale. Such an 

experimental set up is schematically described in Fig. 3.1.  

 

 

Fig. 3.1 (a) Experimental set-up and (b) illustration of optical path for high numerical aperture 

effect 

Following E. Bonera [35], a geometrical optical model is used to describe the scattering 

process. Although the electric field across the focal volume is not constant due to the physical 

(a) 

(b) 
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nature of light, it is dominant in one direction and the effect from other polarized directions can 

be ignored. With the sample volume being considered point-like, the scattering light is not 

influenced by the presence of interface or optical constant inhomogeneity. 

In the following analysis, the sample coordinates are taken to be x//(110), y//(1-10), z//(001), 

where z is along the optical axis as shown in Fig. 3.1(b). 

The incident light is polarized. As an example, the electric field is assumed to be along (100) 

direction: 

𝒆𝒊 = (
1

√2
𝒆𝒙 +

1

√2
𝒆𝒚)                                                                                                                   [3.3] 

Following the geometrical optic model, if the polarization direction of incident and scattered 

beams are set to be parallel to each other, the scattered polarization measured for this 

configuration can be written as 

𝒆𝒔(𝒏) =
𝟏

√|𝒏×(𝒆𝒛×𝒆𝒊)|2
(𝒏 × (𝒆𝒛 × 𝒆𝒊))  

𝒏 = 𝑠𝑖𝑛Ψ𝑐𝑜𝑠𝜙 𝒆𝒙 + 𝑠𝑖𝑛𝜓𝑠𝑖𝑛𝜙 𝒆𝒚 + 𝑐𝑜𝑠𝜓 𝒆𝒛 

Thus 

𝒆𝒔(𝒏) =
1

𝑁
(𝑐𝑜𝑠𝜓 𝒆𝒙 + 𝑐𝑜𝑠𝜓 𝒆𝒚 − 𝑠𝑖𝑛𝜓(𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜙) 𝒆𝒛                                                      [3.4] 

where, 

𝑁 = √2𝑐𝑜𝑠2𝜓 + 𝑠𝑖𝑛2𝜓(𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜙)2                                                                                   [3.5] 
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Considering an excitation with frequency 𝜔𝑖, the measured intensity: 

𝐼𝑘(ℏ𝜔) = 𝐶 ∫|𝒆𝒔
′ (𝒏) ∙ 𝑹𝒌 ⋅ 𝒆𝒊|

2𝑑Ω , 𝑘 = 1,2,3  

where C is a constant in the form of: 

𝐶 =
𝜔𝑖

4

(4𝜋𝜀)2𝑐4 𝐸𝑖
2𝐿𝑘(ℏ𝜔)                                                                                                                [3.6] 

𝐿𝑘 is the Lorentzian line shape centered in the phonon energy, and 𝑅𝑘 is the Raman tensor of the 

vibrational mode k (k=1, 2, 3) , and is calculated under the sample coordinate system as 

following: 

𝑹𝟏 =
1

√2
(

0 0 𝑑
0 0 𝑑
𝑑 𝑑 0

),     𝑹𝟐 =
1

√2
(

0 0 𝑑
0 0 −𝑑
𝑑 −𝑑 0

),    𝑹𝟑 = (
𝑑 0 0
0 −𝑑 0
0 0 0

)                               [3.7] 

Under this condition, the following equation can be derived: 

𝐼1 = 𝐶 ∫ ∫ (
√2

𝑁
𝑑𝑠𝑖𝑛𝜓(𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜙))2

2𝜋

0

Θ

0

𝑠𝑖𝑛𝜓 𝑑𝜙𝑑𝜓 = 0.7035𝑑2𝐶 

𝐼2 = 𝐼3 = 0                                                                                                                                  [3.8] 

Similarly, the measured intensity for a different vibration mode under different polarization 

configurations has been calculated and listed in the Table 1. Table 1 shows that by selecting a 

certain set of polarization configurations, Mode 1 and Mode 2 can be measured separately from 

Mode 3. 
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Table 3.1 Intensity for different Raman peaks under given polarization configuration 

 

𝒆𝒊 (Silicon crystal) 𝑰𝟏 𝑰𝟐 𝑰𝟑 

𝟏

√𝟐
𝒆𝒙 +

𝟏

√𝟐
𝒆𝒚 (010) 0.7035 0 0 

𝟏

√𝟐
𝒆𝒙 −

𝟏

√𝟐
𝒆𝒚 (100) 0 0.7035 0 

𝒆𝒙 (110) 0.3442 0.3442 2.2529 

 

Combining with the eigenvalue solution from the secular equation, it would be possible to 

determine the stress components separately. 

To validate the theory, the following polarization configuration is applied: The incident 

polarizer and scattering polarizer are parallel, and the incident light is polarized along (010) 

silicon crystal direction. This specific polarization configuration is chosen because the high 

numerical aperture effect is a secondary effect, so the signals from this effect will be low 

compared to that from the conventional Raman measurements (mode 3). Under this polarization 

configuration, from equation [3.3], the mode 3 is invisible even if there is high numerical 

aperture effect. In this case, the mode 3 signals will not present to overwhelm the singals from 

High NA effect, making it possible to observe other Raman modes. 
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Different objective lenses are applied to change the numerical aperture during the experiment. 

In this study, a RENISHAW InVia Raman Microscope system equipped with 532nm 

wavelength laser is used for the Raman measurements. A 3000l/mm grating is installed to 

achieve high resolution of the Raman peak position. The penetration depth of the 532nm laser is 

around 0.3μm under the Si surface.  

  

Fig. 3.2(a) shows the Raman spectrum of stress-free Si (100) wafer measured with 5X 

(NA=0.12) objective lens, 532nm laser and 10mW power. As the conventional Raman 

measurement predicted in Table 2.1, the one-phonon band is forbidden and can’t be observed in 

the spectra. As the numerical aperture increases, the “forbidden band” appears in the Raman 

spectra as shown in Fig. 3.2(b). The spectra are normalized to two-phonon Raman band at 300 

cm
-1

 involving two TA phonons, as the two-phonon Raman band intensity is not sensitive to the 

NA. 

Figure 3.2(c) shows the calculated one-phonon Raman band peak intensity vs. NA. Here, 

the intensity is normalized by the intensity at NA=0.85 (solid line). The ratio of intensity 

between NA=0.75 and NA=0.85 is experimentally determined at different laser power.  
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(a) 

(b) 

Two-phonon Raman Band 

Two-phonon Raman Band 

Two-phonon Raman Band 

One-phonon Raman Band 



38 
 

 

Fig. 3.2  (a) Raman Spectrum for bare 100 wafers measured with 5X objective Lens. (b) Raman 

spectra measured for bare 100 wafer with 20X (NA =0.40), 50X (NA=0.75), 100X (NA=0.85) 

(c) “forbidden band” intensity as a function of numerical aperture (NA) 

    

3.1.3 Laser power, Accumulation Time Optimization 

Although mode 1 and mode 2 are observable with high numerical aperture, the signals are 

weak compared to mode 3. Fig. 3.3 shows a typical silicon Raman peak for mode 1, 2 and 3. 

Peak position of three modes should be the same in the absence of stress. Although the 

accumulation time for mode 1 and 2 is doubled compared to mode 3, the intensity of mode 1 

and 2 are still much lower than that of mode 3. Lower intensity may cause high noise 

background and introduce a larger system error.  

(c) 
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Fig. 3.3 Spectrum of different Raman modes in experiment 

To determine the optimized laser power and accumulation time, and to evaluate the 

systematic error for the measurement of mode 1&2,  a series of experiments with different 

laser power and accumulation times are carried out at the same location on a stress free bare 

wafer. In this case mode 1 and mode 2 should be degenerated. An example of the results is 

shown in Fig. 3.4, the product of laser power and accumulation time maintains constant. As 

the reference frequency at the same location of silicon wafer should be a constant, the 

fluctuation in the measurement results should represent the systematic error. The overall 

fluctuation increases slightly as the laser power increases, and they are roughly in the range of 

±0.03cm
-1

. Measurement with the laser power of 1mw shows more stable trend for the first 

several points; what’s more, it shows a lower overall fluctuation (±0.015cm
-1

). Another 

concern during the measurement is the local heating due to scanning for an extended time. If 

the wafer is heated by laser, the Raman peak will shift to the negative side, however, no clear 
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trend is observed for the laser power of 1mw after 500sec exposure. Based on the 

consideration above, laser power of 1mw is chosen as the optimized laser power condition.  

 

Fig. 3.4 Peak Position fluctuation vs. laser power 

3.1.4 Experimental Design and Results 

Top-down Raman measurement was applied for a full characterization of the stress 

components in a 2 by 2 array of blind copper TSVs with 5 m diameter, 55m depth, where 

the top surface of Si is covered by a thin layer of oxide. Two sets of samples are annealed at 

300C and 400C separately to build up different level of thermal stresses.  

Three specific polarization configurations (as shown in Table 3.1) have been chosen to 

perform Raman measurements on the designed TSV structure. The trend of three different 
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Raman peak shifts is observed corresponding to three different vibration modes mentioned in 

the theory section, and is presented in Fig. 3.5.  

 

Fig. 3.5 Line Scan with different polarization configurations as listed in Table 3.1 

3.1.5 FEA Simulation for Traditional Raman 

Before proceeding to determine all the normal stress components for the TSV structure, it 

may be useful to obtain estimation of the stress distribution around TSV to compare with the 

experimental results. The estimation is accomplished by combining the traditional Raman 

measurement with FEA simulation for the 2 by 2 TSV array. The so-called mode 3 Raman 

measurements are performed across two TSVs in a row. The assumption specific parameters 

related to the stress state are chosen in FEA to fit the experimental data. The assumption of the 

reference temperature of 150C for Cu appears to show satisfactory fitting with experimental 
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results as shown in Figure 3.6 Thus this assumption has been used in FEA simulations for 

comparison with the experimental results in the following study.  

 

Fig. 3.6 Raman spectra on 2 by 2 fully-filled TSV structure vs. calculated FEA results by 

assuming the reference temperature of 150C. 

 

3.1.6 Analysis and Validation 

As shown in Figure 3.7, only quarter of the 2 by 2 TSV array structure has been chosen with 

the symmetric boundary conditions on the edge. Following the discussion in Chapter 2, the same 

assumptions and material properties are used. The calculated in-plane shear stress distribution is 

presented in Fig. 3.7(b). 
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(a) (b) 

Fig. 3.7 (a) Modeling of a quarter structure and (b) in-plane shear stress distribution around TSV 

for 2 by 2 TSV arrays 

 

As demonstrated in the FEA simulations along the scan line shown by the arrow in Fig. 3.7(b), 

the in-plane shear stress is small and can be ignored. Thus equation [3.2] can be applied to the 

measurements. 

For Raman measurements, the Raman signal is in fact an average of Raman Peak shift of 

different modes weighted by peak intensity. The peak intensity for separate mode under the 

specific polarization is determined as shown in Table 3.1. Thus the relation among all stress 

components and measured Raman signal can be written as: 

 

𝛥𝜔1 = −2.30𝜎𝑥𝑥 − 0.38𝜎𝑦𝑦 − 1.93𝜎𝑧𝑧 

𝛥𝜔2 = −0.38𝜎𝑥𝑥 − 2.30𝜎𝑦𝑦 − 1.93𝜎𝑧𝑧 

𝛥𝜔3 = −1.93𝜎𝑥𝑥 − 1.93𝜎𝑦𝑦 − 0.75𝜎𝑧𝑧                                                                                     [3.9] 
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Three normal stress components can be calculated by simultaneously solving the three 

equations for three different Raman measurements, and the calculated results are shown in Fig. 

3.8.  

With the optimized condition, the accuracy of Raman spectroscopy varies from ±0.015cm
-1

 

for Mode 3 to ±0.03cm
-1

 for Mode 1 and 2, corresponding to 20~30MPa errors in the measured 

stresses.  T

were determined to be 60MPa, -153MPa and -52MPa along [110], [1-10], and [001] (out-of-

plane) direction.   

 

Fig. 3.8 Comparison between experimental determined stress distribution and prediction of FEA 

simulation 

 

The FEA simulation results are plotted on the same figure for comparison. The 

experimental results and FEA simulations show a reasonable agreement with each other within 

the range of measurement error.  
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3.2 Cross-section Raman Measurements 

 

As most of 3D TSV structures are fabricated in the (100) wafer, and the vias arranged along 

[110] directions, the cross-section Raman measurements will be different from the top-down 

Raman measurements. Usually the cross-section is along [110] directions. More Raman modes 

are enabled, and according to the polarization configuration, different Raman peak shift can be 

observed. If the shear stress components are ignored, each Raman peak shifts are related to the 

linear combination of the normal stress components. And by making some assumptions, each in-

plane stress component can be solved based on the Raman experimental data. 

 

3.2.1 Secular equation for cross section Raman measurements 

 

To investigate the possible visible Raman modes, the secular equations are revisited. The 

cross-section measurement can be considered equivalently to a Raman measurement on (110) 

wafers. The secular equation will be discussed in the following Cartesian coordinate system: the 

x-axis is along the [110] direction, y-axis is along [001] and z axe is along [1-10]. By similar 

transformation as in section 3.1, the secular equation will be in the following form: 

 

  

 

 

where 

𝒑′ =
𝒑 + 𝒒

𝟐
+ 𝒓 

|

𝑝′𝜖11
′ + 𝑞𝜖22

′ + 𝑞′𝜖33
′ − 𝜆 2𝑟𝜖12

′ (𝑝 − 𝑞)𝜖13
′

2𝑟𝜖12
′ 𝑞(𝜖11

′ + 𝜖33
′ ) + 𝑝𝜖22

′ − 𝜆 2𝑟𝜖23
′

(𝑝 − 𝑞)𝜖13
′ 2𝑟𝜖23

′ 𝑞′𝜖11
′ + 𝑞𝜖22

′ + 𝑝′𝜖33
′ − 𝜆

| = 0 
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𝒒′ =
𝒑+𝒒

𝟐
− 𝒓  

                                                                                                                                                          [3.10]    

,where p, q and r are called Raman phonon deformation tensor, which are constant for Silicon. 

Again, specifically for the scope of the current measurement, the shear components don’t 

contribute too much to the observable Raman peak shift (will be shown in the later FEA 

simulation). By ignoring all the shear components in the above secular equation, the solution can 

be easily obtained as:  

𝝀𝟏 = 𝒑′𝝐𝟏𝟏
′ + 𝒒𝝐𝟐𝟐

′ + 𝒒′𝝐𝟑𝟑
′  

𝝀𝟐 = 𝒒𝝐𝟏𝟏
′ + 𝒑′𝝐𝟐𝟐

′ + 𝒒𝝐𝟑𝟑
′  

𝝀𝟑 = 𝒒′𝝐𝟏𝟏
′ + 𝒒𝝐𝟐𝟐

′ + 𝒑′𝝐𝟑𝟑
′                                                                                                     [3.11] 

For each eigenvalue  Δ𝜔 = 𝜔 − 𝜔0 =
𝜆

2𝜔0
 , where 𝜔0 is the Raman peak position for stress free 

silicon. Combining the solution with Hook’s law, the relation, which is between the Raman shifts 

and the stress distribution on cross-sectional silicon surface, can be determined.  

𝜟𝝎𝟏 = −𝟐. 𝟑𝟏𝝈𝒙𝒙 − 𝟏. 𝟗𝟑𝝈𝒚𝒚 − 𝟎. 𝟑𝟖𝝈𝒛𝒛  

 

𝜟𝝎𝟐 = −𝟏. 𝟗𝟑𝝈𝒙𝒙 − 𝟎. 𝟕𝟔𝝈𝒚𝒚 − 𝟏. 𝟗𝟑𝝈𝒛𝒛 

 

𝜟𝝎𝟑 = −𝟎. 𝟑𝟖𝝈𝒙𝒙 − 𝟏. 𝟗𝟑𝝈𝒚𝒚 − 𝟐. 𝟑𝟏𝝈𝒛𝒛                                                                           [3.12] 

 

The intensity of different Raman modes can be determined by equation [3.6], The Raman tensor 

under the new coordinates system: 

𝑅1 =
1

√2
[
0 𝑑 0
𝑑 0 −𝑑
0 −𝑑 0

],          𝑅2 =
1

√2
[
0 𝑑 0
𝑑 0 𝑑
0 𝑑 0

],          𝑅3 = [
𝑑 0 0
0 0 0
0 0 −𝑑

]                       [3.13] 

 

Due to the surface roughness introduced by the sample preparation, the scattering light 

collected from the high numerical aperture effect is not enough to provide additional information 
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in this kind of measurement. Although different Raman modes cannot be separated out, 

additional information can still be obtained by altering the polarization configuration during the 

measurement. 

Table 3.2 shows an example of normalized intensity for different Raman modes under the 

specific polarization conditions. Under polarization configuration in row 1, the Raman peak shift 

observed is from the contribution of longitudinal mode (LO), but under the polarization 

configuration in row 2, only a mixture of two TO modes can be observed. According to the 

calculation, the ratio of those two TO modes is 1:1.  

 

Table 3.2  Intensity for different Raman peaks vs. Polarization (Cross-Section Raman) 

𝒆𝒊 𝒆𝒔 𝑰𝟏 𝑰𝟐 𝑰𝟑 

𝒆𝒙  Si(110) 𝒆𝒙  Si(110) 0 0 1 

𝒆𝒙  Si(110) 𝒆𝒚  Si(001) 0.5 0.5 0 

 

 

Based on the calculation results of intensities of different modes, the relation between the 

stress distribution and the observed Raman peak shifts can be expressed as shown in Table 3.3 

below. 
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Table 3.3 Raman peak shift vs. Stress distribution under different Polarization 

𝒆𝒊 𝒆𝒔 𝜟𝝎 = ∑ 𝑰𝒊𝝎𝒊

𝒊

 

𝒆𝒙  Si(110) 𝒆𝒙  Si(110) 𝛥𝜔 = −0.38𝜎𝑥𝑥 − 1.93𝜎𝑦𝑦 − 2.31𝜎𝑧𝑧 

𝒆𝒙  Si(110) 𝒆𝒚  Si(001) 𝛥𝜔 = −2.12𝜎𝑥𝑥 − 1.35𝜎𝑦𝑦 − 1.16𝜎𝑧𝑧 

 

Usually, the out of plane stress components for the cross-section sample are small enough to 

be ignored (will be shown in FEA in section 3.2.3). With this assumption, the two in-plane stress 

components can be determined from the experimental Raman data under different polarization 

configuration. 

 

3.2.2 Experimental samples and Sample preparation 

 

Two different sets of samples are annealed at 300C with forming gas with 100mtorr for 2 

hours. The first set is the periodic 5 by 5 arrays. The blind through-silicon vias (TSVs) are 

embedded in (100) wafers, and aligned along [110] direction, with diameters of 5m, and depth 

of 55m. The pitch size of TSV array is 20m, and the top of the TSV array is covered by an 

oxide layer with a thickness of 2m.  The other set of TSV samples are periodic arrays of blind 

Cu vias with 10 µm diameter and 55 µm depth, the pitch distances are 50 μm and 40 μm in the 

longitudinal and transverse directions, respectively. 

Samples are first carefully diced along the [110] direction at the TSV array edge, and then 

followed by a FIB to expose the cross-section of TSV arrays. The FIB cutting was clean, and the 

interface of Cu/oxide/Silicon appeared to remain bonded. The perfect bonding condition will set 
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an easy boundary condition for FEA simulations and gives a better understanding of the local 

stress distribution. 

 

Fig 3.9 Schematic of experimental set-up for Raman spectroscopy 

 

The same Raman spectroscopy used in previous study is chosen to carry out the cross-section 

measurement. The polarizer added before the spectrometer (as shown in Fig. 3.9) can be used to 

collect the scattering light with polarization either parallel or perpendicular to that of the incident 

laser. In this way, different polarizations configurations are applied as listed in Table 3.3, and 

detect the Raman peak shift from different Raman modes (or mixture). 

3.2.3 Experimental results, FEA simulations and Analysis 

The results of cross section Raman measurements are shown in Fig. 3.10. For the Cross-

sectional Raman scans on both samples, the Raman peak shift is moving towards negative side 

when approaching the interface between Silicon and Cu.  According to the equations in Table 3.3, 

this implies the summation of normal stress components is tensile. Furthermore, as the Raman 

peak shift measured under polarization condition 1 (row 1 in Table 3.3) is always higher than 

that under polarization condition 2 (row 2 in Table 3.3), it can be told that the normal stress 
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components along the x direction (xx) should be tensile, as the Raman peak shift under 

polarization condition 2 is more sensitive to this stress components based on its having a larger 

coefficient.  

 

(a) 

 

(b) 

Fig. 3.10 Raman peak shift along the scan path for (a) Sample 1 (5um dia. Via)  (b) Sample2 

(10um dia. Via) 
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Before proceeding to make some assumptions and analysis the experimental data more 

quantitatively, a deeper understanding of stress distribution profile on the cross-section surface is 

necessary. A FEA model is built up for this purpose. Following the assumption and material 

property used in Chapter 2 models according to the geometry of different samples are built for 

stress prediction. A visual illustration of the model is shown in Fig. 3.11, and traction free 

boundary condition is imposed on the cross-section surface to mimic the experimental condition. 

A thermal load of T=-270C is assumed in the FEA model. 

 

 

Fig. 3.11 Visual illustration of the 3D FEA model  

 

The calculated distribution for three normal stress components for sample 2 is shown in Fig. 

3.12 as an illustration. The magnitude of the out of plane stress (Fig 3.13(c)) is much smaller 

than that of other two normal stresses. Based on this observation, it is reasonable to ignore the 

out plane stress term in Table 3.3. Thus, the in-plane stress components can be solved only by 

experimental data obtained.  
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Fig 3.12 Distribution of stress components (a) xx, (b) yy and (c) zz from FEA simulation 

 

(a) xx 

(b) yy 

x 

z 

y 
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Fig 3.12 Distribution of stress components (a) xx, (b) yy and (c) zz from FEA simulation 

 

The in-plane stress components determined by the experimental data are plotted in Fig. 3.13. 

The stress distributions on cross-section for the two sets of samples share similar trend. The 

stress components along the [110] (x) direction is always tensile, and the magnitude increases 

when approaching the interface of TSV. However, the stresses along the [1-10] (y) direction are 

differed between two set of samples. The Stress is more negative in sample 1, which implies a 

larger compressive stress in y direction for sample 1 than that in sample 2. This can be 

understood by considering the interaction of stress field between to different neighboring vias. 

As sample 2 has a larger pitch size and lower aspect ratio, the stress interaction between TSVs is 

weaker than that in sample 1. 

 

 

(c) zz 



54 
 

 

(a) 

 

(b) 

Fig. 3.13 In-plane stress distribution based on Raman measurements for (a) Sample 1 and (b) 

Sample 2 

 

 

The experimental results are also compared with FEA simulation for validation. The 

comparison is shown in Fig. 3.15. When approaching the edge of TSV, the magnitude of 𝜎𝑦𝑦 
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deviates from FEA Prediction. This is due to the appearance of out of plane stress components, 

which we ignored when we do our calculation from our experimental data. However, the FEA 

simulation and experimental results shows overall agreements in trends and magnitude.  

 

 

 

Fig 3.14 In-plane stress distribution for sample 2. (a) From FEA, (b) from Experiment 
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3.3 Summary 

Two different kinds of Raman measurement have been employed to study the thermal 

mechanical behaviors of TSV structures. Both of them are taking advantages of different laser 

polarization profile to resolve the normal stress components separately based on experimental 

data.  

The top view Raman measurements also utilized so called “High NA effect” to obtain 

additional information, and can resolve all 3 normal stress components. From the cross-section 

Raman measurements, we can only determine the in-plane stress distribution with reasonable 

assumption based on FEA simulation. There shows good agreements between FEA simulation 

and experimental data in general.  

Together, the two experimental methods provide a complementary approach for 

characterizing thermo-mechanical behaviors of TSV 
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Chapter 4 

Conclusion and Outlook 

4.1 Conclusion 

Three-dimensional (3-D) integration as an effective to overcome the wiring limit imposed on 

device density and performance with continued scaling. The application of TSV (Through 

Silicon Via) is essential for 3D silicon integration and 3D IC integration. TSV are embedded into 

the silicon substrate to form vertical, electrical connections between stacked IC chips. However, 

due to the large CTE mismatch between Silicon and Copper, thermal stresses are induced by 

various thermal histories from the process, and they have caused serious concerns regarding the 

thermal-mechanical reliability. In this thesis, we mainly used Micro- Raman spectroscopy 

characterized the near-surface stress distribution in Si around TSV.  

First, a semi-analytic approach is introduced to serve as a proper approach to understand stress 

distributions in TSV structures. [23] This is followed by application of finite element analysis for 

more accurate prediction of stress behavior according to the real geometry of our sample. The 

conventional Raman method is used to measure the linear combination of in-plane stress 

components near silicon top surface.  The comparison between experimental results and FEA 

calculation shows a reasonable agreement, but there is minor discrepancy when approaching the 

TSV. The effect of residue stress in both surface and sidewall oxide layer is investigated by 

conventional Raman spectroscopy. The results show that the stress state of oxide layer does 

contribute to the minor discrepancy observed, and should be considered as an important factor 

for the near surface stress distribution.  
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Second, the limitation of conventional Raman method is discussed: only certain linear 

combination of in-plane stress, instead of separate value for each stress components,  can be 

obtained in. In Chapter 3, two different kinds of innovative Raman measurements have been 

developed and employed to study the normal stress components separately. Both of them take 

advantages of different laser polarization profile to resolve the normal stress components 

separately based on experimental data. The top view Raman measurements utilize so called 

“High NA effect” to obtain additional information, and can resolve all 3 normal stress 

components. From the cross-section Raman measurements, we can only determine the in-plane 

stress distribution with reasonable assumption based on FEA simulation. The reasonable 

agreement between experimental results and FEA prediction implies the validation of the 

innovative methods. 

 

4.2 Outlook 

 

As an outlook for future works, a few possible studies are suggested. First, as discussed in 

Chapter 3.1, top view Raman measurement with “High numerical aperture effect” are able to 

determine the normal stress components separately. This would be meaningful for experimental 

determination of “Keep-away-zone” (KOZ). The stress induced by TSV can affect the carrier 

mobility due to the piezoresistivity effect to degrade the performance of the MOSFET devices 

[36] [37] [38]For TSV structures, a tensile stress of 100 MPa was found to enhance the electron 

mobility of up to 7% for n-type Si. For p-type Si, however, the stress can either enhance or 

degrade the hole mobility, depending on the transistor channel direction [38]. It has also been 

reported that the TSV-induced stresses can cause up to 30% shift in the saturation drain currents 
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( DSATI ) of the transistor to degrade the device performance [39]. Simulation work has been 

carried out to determine the range keep-out-zone [40], but it is difficult to determine the range of 

KOZ experimentally by other stress measurement method, even the conventional Raman 

measurement. With the top-down Raman measurement, the mobility change can be calculated 

based on the normal stress components obtained from experiment. The range of KOZ can be 

evaluated directly by experiment.  

Second, the cross-section Raman measurements can be applied to cross-section of dies in real 

packaging structure. Combining with other technique, such as high resolution moire 

interferometer, this technique can provide comprehensive understanding for chip packaging 

interaction 
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