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ABSTRACT

In copper chemical mechanical planarization (CMP), in situ detection of barrier to 

dielectric layer transition is typically done using an optical reflectance technique. The 

introduction of carbon doped oxides (CDOs) as low-dielectric constant (k) materials for

dielectric layers has opened up the possibility of using spectroscopic techniques for 

detecting such transitions more efficiently. The vibrational frequencies of the bonds 

between C, H, O, and Si in these low-k materials may be readily detected by 

spectroscopic techniques such as Raman and infrared (IR) spectroscopies. Since CMP is 

carried out in aqueous media, IR spectroscopy is not very desirable due to strong 

absorption of water in the same region as C-H vibrations (2800 cm-1 to 3300 cm-1). In

contrast, Raman spectroscopy shows minimal water interference and can be used to 

efficiently monitor the signal from CDO films even in aqueous environments that prevail 

under CMP conditions.

The research reported in this dissertation concerns the use of Raman spectroscopy 

in detecting the transition from tantalum (Ta) barrier layer to CDO dielectric layer, in-

situ. Intensities of Raman peaks characteristic of Si-Si vibrations from silicon substrates 

and C-H vibrations from low-k materials were used for monitoring CDO thickness and 

detecting removal of Ta layer. An abrasion cell was integrated with a Raman 

spectrometer to demonstrate the feasibility of Raman monitoring in-situ. Additionally, an 

alternative method was investigated for monitoring transitions in highly fluorescent low-k 

materials where Raman can not be used. The fluorescence intensity was used to 

effectively monitor Ta to low-k transitions. 
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As a secondary objective, the Raman technique was used to monitor the 

composition of polishing slurries, which in the case of copper CMP, have a rich 

chemistry, which may change during the course of polishing due to consumption and 

decomposition of certain constituents. Various aspects, such as small layer thickness (<50 

μm), continuous flow of the slurry, and dynamics of the film removal process pose a 

great challenge to the monitoring of slurry components between the pad and the wafer. 

The slurry constituents such as oxidants and corrosion inhibitors have unique signatures 

that can be detected using spectroscopic techniques. In this study Raman spectroscopy 

was used to detect and quantify chemical species such as hydroxylamine, benzotriazole 

and hydrogen peroxide in-situ. A more detailed study pertaining to the protonation of

hydroxylamine with respect to the pH was also performed. Finally, surface enhanced 

Raman spectroscopy (SERS) was also investigated to improve the detection of pyridine 

and benzotriazole at low concentrations (<100 ppm).
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I. INTRODUCTION

The rapid growth of the semiconductor industry is based on the constant reduction 

in cost per function and the increase in performance resulting in the manufacture of a 

wide variety of electronic equipment. This integrated circuit revolution is the direct result

of improved manufacturing processes, finer lithography and device as well as circuit and 

system innovation. The number of devices on a chip for silicon integrated circuits follows 

an exceptional growth as Moore predicted [1.1], permitting millions and soon billions of 

transistors to be integrated on a chip. This increase in device density has resulted in 

constant improvement in cost and performance. 

Earlier devices with feature sizes of 1 µm and larger have utilized aluminum-

based alloys (resistivity- 2.5 µΩ-cm) as the interconnect fabrication quite effectively. 

However, it is possible to increase the speed of a device by using low resistance metals as 

interconnects. One such metal is copper with resistivity of about 1.6 µΩ-cm. The use of 

copper allows the reduction of resistance-capacitance (RC) delay. 

For more than 30 years, silicon dioxide (SiO2) has been the versatile dielectric 

material of choice for the semiconductor industry. Now, due to the need for high 

processing speed in semiconductor and scaled-down chip components, the industry’s 

familiar and reliable SiO2 is no longer good enough. Thus, low-k materials have taken the 

center stage as dielectric materials, replacing silicon dioxide. During the last decade, a 

variety of low-k materials with a dielectric constant (k) of less than 3 have been explored. 
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Ultra-low-k materials are polymeric compounds that can be either spun-on from a 

solution or plasma deposited by a chemical vapor deposition (CVD) process. The 

dielectric constant is dependent upon both the film chemistry and the porosity. Properties 

such as hardness and modulus also are related to the film chemistry, in terms of the 

composition, stoichiometry, and the cross-linking or degree of cure of the polymer. In 

2000, IBM announced the development of Cu interconnect structures for the 130-nm 

node with SiLKTM, a material developed by the DOW Chemical with a dielectric constant 

(k) of about 2.7. It is a polyphenylene based material and is typically applied using a 

spin-coating technique. Carbon-doped oxide (CDO), also known as organosilicate glass 

(OSG), is a family of materials deposited by CVD using a silicon-organic compound 

precursor to lower the electrical polarizability per volume of silica and therefore lower 

the dielectric constant. CDO materials are now commercially available under the trade 

names Black Diamond™ and Coral™. These appear to be the materials of choice for 

current generation copper dual damascene based interconnect structures. 

In a typical damascene process the low-k material is deposited and patterned using 

a hardmask. Before inlaying the interconnect metal (Cu), a barrier layer (Ta) is deposited 

using physical vapor deposition (PVD) in order to improve adhesion and to act as a 

diffusion barrier between metal and dielectric material. Copper is subsequently 

electroplated to a thickness of 0.5–1.0 micrometers above the dielectric across the whole 

wafer surface. The excess copper deposited during this process is then 

chemomechanically polished (CMP process) down to the barrier layer, which is 

subsequently polished away, exposing the dielectric layer. 
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Efficient endpoint detection in the CMP process is critical in defining the 

properties and the performance of the end product. In CMP, in-situ detection of barrier to 

dielectric layer transition is typically carried out using reflectivity measurements [1.2] or 

coefficient of friction (CoF) measurements [1.3]. The use of carbon containing low-k 

materials for dielectric layers has opened up the possibility of using spectroscopic 

techniques for the detection of transitions. Bonds between C, H, and O that are present in 

CDO films can be detected by spectroscopic methods such as Raman and Fourier 

transform infrared (FTIR). Since CMP is carried out in aqueous media, IR spectroscopy 

is not very desirable due to strong absorption of water in the region of interest. In

contrast, Raman spectroscopy shows minimal water interference and can be used to 

efficiently monitor the signal from CDO films even in aqueous environments that prevail 

under CMP conditions. During the polishing of the Ta/low-k structure, the transition 

associated with barrier layer removal can be followed utilizing the time dependent 

monitoring of Si–Si and C–H bond signatures from substrate and low-k material,

respectively.

Raman spectroscopy has been successfully utilized in the IC industry for the non-

invasive quantitative analysis of SC-1 (standard cleaning) silicon wafer cleaning 

solutions [1.4]. Raman spectroscopy in aqueous media has also found major applications 

in the pharmaceutical industry in following solvent mediated polymorphic transformation 

of progesterone [1.5] and in the chemical industry in following the hydrolysis of acetic 

anhydride to acetic acid [1.6]. Besides being non-destructive, this technique has high 

spatial resolution, and can collect a signal from a sub-micron size sample area. 
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This dissertation presents results of work carried out to determine the feasibility 

of using Raman spectroscopy to detect the transition from the barrier layer to the 

dielectric layer. For this purpose, a laboratory size experimental setup was fabricated by

integrating a small-scale abrasion cell with a Raman spectrometer. Additionally, Raman 

spectroscopy is also used for the in-situ detection of hydrogen peroxide, hydroxylamine

and benzotriazole, which are typically used in slurries used for Cu-CMP. 
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2. BACKGROUND

2.1. Chemical Mechanical Planarization (CMP):

2.1.1. Historical Background

In glass optics, chemical mechanical planarization (also referred to as chemical 

mechanical polishing or CMP) methods have long been used to create a very flat glass 

surface for precision mirrors, lenses, etc. [2.1, 2.2]. Over several hundred years, many 

wet chemicals and pad designs have been evolved to both remove and smooth the glass 

surface. In the 1980s, IBM introduced the use of CMP to planarize metal and the 

interlevel dielectrics in the fabrication of semiconductor devices. Currently, CMP has 

become a key technology in ultra large-scale integrated (ULSI) device manufacturing to 

fabricate sub-micrometer metal and dielectric structures. 

With the advent of multilevel metallization, CMP has become one of the fastest 

developing areas in the microelectronic industry [2.3]. However most of the knowledge 

in this field is based on previous studies on glass polishing [2.4]. In addition, a lot of 

CMP processes have been designed empirically, with little scientific understanding of 

underlying phenomena. Most of the glass polishing studies helped in understanding the 

oxide CMP, but metal CMP (particularly copper) is not very well understood, mainly due 

to complex electrochemical interactions that occur between the slurry constituents and 

the metal film during the process.

2.1.2. CMP Process:

The CMP process is currently the most cost-effective technique used to remove

both oxide (dielectric) and metal layers and reduce topography by planarizing. A 
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schematic of the CMP process is shown in figure 2.1. This process uses an automated 

rotating polishing platen and a wafer holder or chuck, which sets the absolute planarity. 

The chuck can both exert a force (ranges typically from 1-6 psi) on the wafer and 

simultaneously rotate the wafer independent of the rotation of the underlying platen. In 

between the wafer and the platen, the wafer polishing is accomplished by a polishing 

slurry consisting of colloidal silica (SiO2) or alumina (Al2O3) particles suspended in an 

oxidizing or reducing solution. The role of CMP slurry is to chemically modify a 

material’s surface which effectively removes layers of material and reduces surface 

roughness. An automated slurry system is used to ensure the uniform wetting of the 

polishing pad and the proper delivery of the polishing slurry. The composition of a 

typical CMP slurry includes an oxidant or a complexant, a corrosion inhibitor and 

 

Figure 2.1. Schematic of CMP process.
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abrasive particles. The composition of each of the individual components and the slurry’s 

pH will contribute to removal rates, selectivity and generation of defects. Common 

defects are those that result in loss of uniformity and planarity (erosion and dishing). 

2.1.3. Copper CMP

The demand for faster microelectronic devices has brought copper to the forefront 

as the metal of choice for interconnect structures. The development of Cu-CMP processes 

began in the early 1990s [2.5, 2.6]. Cu-CMP is typically performed in three stages. The 

first stage is bulk copper removal, shown in figure 2.2 step (2). This is usually achieved 

with a slurry chemistry that will have a high copper removal rate. Stage I planarization 

usually ends with a small amount of copper remaining without exposing the 

barrier/adhesion metal layer underneath. The purpose of a barrier layer, typically 

tantalum or tantalum nitride, is to hinder copper from diffusing into the dielectric layer 

and also act as an adhesive material between the copper and dielectric layers. Stage II 

consists of removing the remaining copper and stops at the barrier layer, shown in figure 

2.2 step (3). Stage III is barrier layer removal, where typically an overpolish step is 

performed as shown in figure 2.2 step (4).  The overpolish of the dielectric material 

underneath barrier layer is to ensure that no remaining copper or barrier metals are left on 

the dielectric surface that may lead to shorting of the conducting lines. To avoid this 

overpolish, one needs an accurate endpoint detection technique at the end of stage III.
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Figure 2.2. Formation of Cu interconnect structures (Damascene process).
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2.1.4. Endpoint Detection in copper-CMP

Endpoint detection is the determination of the end of polishing in a CMP process. 

Figure 2.2 shows a schematic of the CMP process with an endpoint after step IV. As 

mentioned above, however, a lack of proper endpoint detection results in imperfections in 

the CMP of metals, oxides or dielectrics known as over and under polishing. 

Overpolishing results in polishing of dielectric material after removing the barrier layer. 

Ideally, the dielectric material should never come into contact with CMP consumables. 

Besides, any erosion or dishing of the Cu, which thins the long interconnect lines during 

the polish, has a significant effect on circuit delays owing to the increase in the RC 

(resistant, capacitance) constant. This requires an efficient endpoint detection technique, 

which can precisely stop at the barrier layer and then again at the dielectric layer to avoid 

damage to the copper lines and the dielectric layer as well. 

In the early stages of CMP, indirect methods such as motor current, temperature 

and vibration were used [2.7-2.9] for endpoint detection. They require large mechanical 

changes and are limited by device geometries. Generally, these methods require highly 

selective slurries that currently cause excessive dishing during the polishing. The need for 

direct endpoint techniques for copper and low-k integration structures is well known 

[2.10-2.13], as are the benefits of optical technologies for endpoint technology [2.14-

2.16].

Current approaches to endpoint detection are through the use of in-situ sensor 

data. The in-situ sensor methods (referred to as wet methods) use thermal, electrical, 

electrochemical, acoustic emission and optical sensors [2.17].
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Thermal systems use infrared temperature measurements where the change in the 

temperature of the system is used to detect the endpoint. A change in temperature can 

result from either the change in friction of the wear mechanisms or in the underlying 

chemical reactions. The major disadvantage of thermal methods is in their 

implementation, since the infrared sensors have to be fixed onto a transparent pad or 

rotate with the carrier, which could be difficult. Another disadvantage of this system is 

small changes in the temperature that are difficult to detect, often caused by the presence 

of thermally diffusive materials. Friction-based methods use motor-current sensing 

techniques. These methods are also highly dependent on process parameters and 

consumables and become inefficient for polishing ILD, in which there is no transition to 

an underlying layer with a different coefficient of friction. Electrochemical methods 

measure the electrochemical potential between a measurement electrode, which is 

typically the surface being polished, and the reference electrode. Another approach is a 

chemical endpoint detection method, where an ion selective electrode is utilized, which is 

sensitive to ammonia (NH3) concentration in the solution. The drawback of this technique 

is that it is suitable only for polishing wafers with nitride in the second layer, for example 

during shallow trench isolation or STI CMP.

Optical methods have a long history of use for endpoint detection in 

microelectronics. Optical sensor-based methods use interferometry, reflectance, and 

ellipsometry to acquire thickness measurements. Typically, for reflectance spectroscopy, 

one needs to know the optical properties (refractive index and extinction coefficient) and 

thicknesses of all but one of the layers and two of these three parameters for one layer, 
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usually the top layer. From reflectance data one can then determine the endpoint. The 

information obtained from an optical endpoint detection system in CMP depends on the 

film stack being monitored. Optical measurements made during CMP require great care 

to eliminate or to minimize noise due to vibrations and slurry. On patterned ILD wafers, 

optical methods present additional challenges such as diffraction, which significantly 

affects the spectral analysis. In the case of endpoint in metal CMP, clearing of the bulk 

material can be anticipated; however, the underlying dielectric thickness may 

significantly influence the endpoint signal. 

Applied Materials developed the full scanTM detection endpoint system [2.18] for 

its Mirra Mesa CMP system (figure 2.3) that can scan the full diameter of the wafer being 

processed, detecting reflectivity changes in real time. In this system, a single sensor is 

integrated into the polishing platen. Through a polyurethane window, which is integrated 

in the polishing pad, a laser (670 nm) is directed onto the wafer and the reflected signal 

intensity is detected by the sensor. By averaging the signal intensity during the sensor’s 

pass across the wafer surface, a trace is created quickly and accurately, detecting the 

transition from bulk copper to barrier, and barrier to dielectric material. The laser-based 

system provides a precise endpoint of the transitions between film layers independent of 

process conditions, slurry choices, initial thickness, and platen density. 

Figure 2.4 shows, the reflctometer scan of a Cu wafer during four stages:

A) bulk removal of Cu

B) initial Cu clearing and transition to the barrier

C) complete clearing to the barrier
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D)  clearing to the oxide layer.

Stage A is bulk removal of Cu as shown in figure 2.4 (Initial planarization), where 

a constant reflectivity signal is observed. Note that during the transition to stage B (Initial 

Cu clearing), barrier removal is taking place while Cu is still being removed, which 

without process modification could result in dishing. In stage C, a clear transition from 

Cu to Ta can be observed as shown in figure 2.4 (Transition to Ta barrier).  This is the 

point at which the second step should be initiated. One can see the transition from barrier 

to dielectric layer in stage D. Figure 2.4 also shows the endpoint generated by averaging 

the per pass response, showing the large response at B, which can be used for an accurate 

endpoint for total Cu removal. 

Figure 2.3. Reflectivity data of Fullscan system and conversion to endpoint trace.
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Figure 2.4. Reflectivity profile during polishing to barrier and oxide.

In 2005, Das et al from University of South Florida reported acoustic emission 

and coefficient of friction (CoF) sensors that can be used in process monitoring by 

measuring various properties including the amplitude of the signal and the frequency of 

the spectral peaks [2.19]. Since these properties differ between materials, for example Cu 

to Ta as shown in figure 2.5, they can be used in transitions from one layer to another 

during CMP. The presence of noise and the need for an advanced signal processing has 

kept these approaches from being implemented. Even though the literature cites an 

attempt for advanced signal processing of acoustic emission for endpoint detection 

[2.20], there has been no real time measurement until recently.  In this method, the 
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authors have shown a wavelet based multi-resolution approach for online detection of 

endpoint in CMP by applying Wald’s sequential probability ratio test [2.21]. Even though 

this method has been proven to be efficient to a certain extent, it cannot be implemented 

with the CMP processes, where only a portion of the material layer needs to be removed.

 

Figure 2.5. Endpoint in Cu-CMP using CoF data from the CMP tool.

The advent of low-k dielectric materials permitted the use of spectroscopic 

techniques that are sensitive to silicon, carbon and hydrogen vibrations providing the 

possibility of characterizing carbon based low-k layers and detecting transitions 

associated with the removal of Ta barrier layers. The structure and properties of the low-k

dielectric materials are discussed in detail in the following section.  
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2.2. Low dielectric constant (low-k) materials

Continuing improvement in device density and performance has significantly 

impacted the feature size and the complexity of the wiring structure for on-chip 

interconnects. As the minimum device dimensions reduce beyond 100 nm, the increase in 

propagation delay, crosstalk noise and power dissipation of the interconnect structure 

have become limiting factors for ultra large-scale integration (ULSI) of integrated 

circuits. The impact due to interconnect scaling on performance can be explained by 

evaluating the RC delay of multilevel interconnects. This delay can be deduced using a 

simple first order model and is given as [2.22]

 RC = 2ρkεo(4L2/P2 + L2/T2)

Where ρ is the metal resistivity, εo is the vacuum permittivity, k is the 

relative dielectric constant, T is the thickness, P is the pitch (width) and L is the line 

length. 

Accordingly, the RC delay is determined by two sets of parameters: first, material 

properties including the metal resistivity and the dielectric constant k, and second, 

interconnect dimensions. While interconnect dimensions continue to decrease with 

scaling, the RC delay will increase approximately with the square of the scaling factor, 

assuming the interconnect material remains the same. There are other scaling issues, 

including an increase in crosstalk noise and power dissipation, which will further degrade 

the interconnect performance.

To address these problems, two sets of new materials, one with lower resistivity 

and a second with a lower dielectric constant, have to be developed for use as metal lines 
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and interlayer dielectrics (ILDs) respectively, to replace the conventional Al (Cu)/ SiO2

integration. This has led to the announcement of the development of Cu interconnect 

metallization in 1997 [2.23, 2.24]. The low resistivity of Cu (1.9 µΩ cm vs. 3.3 µΩ cm 

for AlCu) can be put to good use to improve the RC delay as interconnect continues to 

scale down. 

Concerning the second set of materials, efforts were made to develop materials 

with a lower dielectric constant. In that respect, fluorinated silicate glass (FSG) is the first 

material which was developed with a k close to 3.7 [2.25]. The subsequent development 

of Cu metallization with low-k materials as the interlayer dielectric was widely expected. 

This was highlighted in the 1997 National Technology Roadmap for Semiconductors 

(NTRS) that specifies the implementation of low-k ILD with k between 2.0 to 2.5 in 2001 

[2.26]. This was not fulfilled until 2000 when IBM announced the development of Cu 

interconnects for the 130 nm node with SiLK [2.27], a low-k dielectric material 

developed by the Dow Chemical Company with a k of about 2.7 [2.28]. SiLK is a 

crosslinked polyaromatic matrix that largely eliminates the nuclear polarizability 

component and features high bond strength, and thus shows an excellent thermal 

resistance. The formation of the crosslinked SiLK material is driven by the release of 

CO and the aromatization/formation of arylene functionality as shown in figure 2.6a. 

There has been an intensive effort in the industry to develop ultra low-k materials, 

dielectric constants ranging from 2.2 to 2.8, which has in turn resulted in the invention of 

non-polar organic polymers. The low dielectric constant of non-polar organic polymers 

(2.0-2.8) relative to SiO2 (3.9-4.2) is partly due to the presence of lighter C and H atoms 
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vs. Si and O as well as the low packaging density (d ~ 1.0 g/cm3) relative to the dense 

tetrahedral silica network (d ~ 2.4 g/cm3). The incorporation of non-polar and space-

occupying groups such as methyl, ethyl and phenyl (R-groups) will also increase free 

volume in the silica network. The result is a reduction in the dielectric constant from 2.9 

for hydrogen silsesquioxane (HSQ) to 2.2 – 2.5 for methyl silsesquioxane (MSQ) and 

other R-substituted silsesquioxane based spin-on dielectrics (SODs).  The structure of one 

such MSQ is shown in figure 2.6b. 

A variety of materials have been explored as low-k dielectrics in integrated 

circuits after the invention of SiLK, including polyarylenes, fluoroorganic polymers, 

and carbon doped oxides (CDOs). The latter class indicates materials that are 

organosilicate glasses (OSGs), where the organic functions in the film are groups bound 

to silicon, such as Si-CH3 [2.30]. CDO films can be obtained by chemical vapor 

deposition (CVD) using organic precursors such as a mixture of tetramethylsilane and 

tetramethylsilane/silane, a mixture of phenylmethyldimethoxysilane and 

dimethyldimethoxysilane, etc. These films have been generated in both porous and non-

porous forms. In the case of FSG materials (SiOF), the exchange of the Si-F (less polar) 

function for Si-O in the glass is responsible for the lower dielectric constant and a similar 

effect occurs due to the presence of Si-CH3 bonds in CDO. The lower film densities, 

especially for porous materials, also contribute to a decrease in k-values.
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a)

b)

Figure 2.6. a) Polymerization of SiLK material b) MSQ low-k structure [2.29].
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Since there are considerable technical challenges to be addressed in order to 

integrate CDOs into microprocessors, thermomechanical properties such as thermal 

stability, hardness and interfacial adhesion have been characterized using FTIR 

spectroscopy [2.30]. Figure 2.7 and 2.8 show the results of mechanical tests for hardness 

and modulus on the CDO films plotted against the relative methyl content as indicated by 

Si-CH3/Si-O peak area ratios obtained from FTIR. The strong, nearly linear correlation of 

these data points indicates that the methyl group content is a critical factor in determining 

the mechanical properties of the films generated. 

Figure 2.9 shows a FTIR spectrum in the 3000 cm-1 region. Groups that absorb in this 

region are consistently C-H stretching modes, with the peak assignments: CH3

asymmetric – 2963 cm-1, CH2 asymmetric – 2910 cm-1, CH2 symmetric – 2842 cm-1 and 

CH3 symmetric – 2879 cm-1. C-H stretching ratio metric plots (C-H sym/C-H asym) vary 

linearly with k value of various CDO films. A linear relationship was also observed 

between the C-H ratio and the cohesive strength of the films. The above results clearly 

show that FTIR spectroscopy can be used to monitor the compositional changes in 

PECVD derived CDO films.
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(Top left) Figure 2.7. Modulus 
(E) vs. Si-CH3/Si-O peak are 
ratios from CDO films with 
various compositions.

(Top right) Figure 2.8. Hardness 
(H) vs. Si-CH3/Si-O peak are 
ratios from CDO films with 
various compositions.

(Bottom) Figure 2.9. FTIR 
spectrum of CDO film. (a peak 
fitting program was used in 
generating the individual peaks).
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2.3. Raman Spectroscopy

As mentioned earlier, the use of carbon containing low-k materials for dielectric 

layers has opened up the possibility of using spectroscopic techniques for endpoint 

detection. Bonds between C, H, and O that are present in CDO films can be detected by 

spectroscopic methods such as Raman and Fourier transform infrared (FTIR). Since CMP 

is carried out in aqueous media, an IR spectroscopic technique is not very desirable due 

to the strong interference of the water signal around 3200 cm-1. Raman spectroscopy does 

have a water signal in the same region but it is not as strong as in IR spectroscopy. 

Besides providing a better signal in aqueous media, Raman spectroscopy is commonly 

used as a sensitive research and analytical tool. Consequently Raman spectroscopy 

should have good potential for better endpoint detection. This is in part due to the fact 

that the current endpoint detection technique (reflectivity measurement) is based on 

surface properties of the film under investigation whereas the Raman technique is based 

on the bulk properties of the material such as concentration of scattered centers in the 

material.

2.3.1. Historical Background

In 1928, when Raman discovered the phenomenon that bears his name, only crude 

instrumentation was available. The source was sunlight; a telescope was the collector; 

and the detector was his eyes. Gradually, improvements in the various components of 

Raman instrumentation occurred.
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Early research was concentrated on the development of excitation sources. In the 

1930s, mercury lamps suitable for Raman [2.31] use were designed and developed 

followed by microwave-powered helium, sodium, rubidium and potassium lamps. In 

1962, laser sources were developed for use with Raman spectroscopy [2.32]. Eventually, 

Ar+ (351.1 – 514.5 nm) and Kr+ (337.4 – 676.4 nm) lasers became available, and more 

recently the Nd-YAG laser (1064 nm) has been used for Raman spectroscopy. In parallel, 

progress also occurred in the detection systems for Raman measurements in order to 

improve earlier measurements that were made using photographic plates and involved 

cumbersome procedures. The first photoelectric Raman instrument was reported in 1942 

by Rank and Wiegand [2.33]. In 1969, Smith and Boyle invented the first Charge-

Coupled Device (CCD) at Bell Labs, which has been used as a detection system in recent 

Raman spectrometers. Developments in the optical train on Raman instrumentation took 

place in the early 1960s. Initially, a single monochromator was used to remove stray 

light. Later it was discovered that a double monochromator removed stray light more 

efficiently than single monochromator, and the double was finally followed by a triple 

monochromator usage. Holographic gratings appeared in 1968 [2.34] by adding an 

efficient Raman scattered radiation collection. The invention of holographic notch filters, 

dielectric band pass filters and so on refined the Raman spectrometer capabilities to a 

large extent. 

These developments in instrumentation brought commercial Raman instruments 

to the present state of the art of Raman measurements. The Raman spectrometer utilized 
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during the course of this research was equipped with an argon ion laser, a holographic 

grating, and a CCD as a detector.

2.3.2. Mechanism:

In Raman spectroscopy, the sample is irradiated by an intense laser beam in the UV-Vis 

region, and the scattered light is usually observed in the direction perpendicular to the 

incident beam. The scattered light consists of two types: the first, Rayleigh scattering, is 

strong and has the same frequency as the incident beam, and the second, Raman 

scattering, is weak (~ 10-5 of the incident beam) and has frequencies different from the 

incident beam. 

The origin of the modified frequencies (or wavenumbers) found in Raman scattering can 

be explained in terms of energy transfer between the scattering system and the incident 

radiation. When a system interacts with a radiation of wavenumber νo, it undergoes an 

upward transition from a lower energy level E1 to an upper virtual energy level E2. It 

acquires the necessary energy, ∆E= hcνo, from the incident radiation. The system then 

usually undergoes radiative relaxation known as Rayleigh scattering by emitting a photon 

of the same energy as the incident photon hcνo. However, in some cases the system 

might emit a photon of lower energy hc(νo-νm) where νm is the vibrational frequency of 

the molecule under excitation. The system then relaxes into a higher vibrational level of 

energy ∆E = hcνm.  This is known as Stokes Raman scattering. Alternatively, the system 

might emit a photon of higher energy hc(νo+νm) where νm is the vibrational frequency 

of the molecule under excitation. This is known as anti-Stokes Raman scattering. This 
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type of scattering takes place when a molecule in a higher vibrational level of energy ∆E 

= hcνm is excited in a virtual electronic state with an incident photon hcνo and 

subsequently relaxes to the ground vibrational level by emitting a photon of greater 

energy hc(νo+νm). A schematic sketch with all three types of scattering, Stokes, anti-

Stokes Raman and Rayleigh is shown in figure 2.10. 

According to classical theory, Raman scattering can be explained as follows:  The 

electric field strength (E) of the electromagnetic wave (laser beam in this case) fluctuates 

with time (t) as shown by the following equation, 

E = Eocos2πνot

where Eo is the vibrational amplitude and νo is the frequency of the laser. If a 

diatomic molecule is irradiated by this light, an electric dipole moment P is induced:

 
Ground state

Stokes Rayleigh Anti-stokes

0
1
2

Vibrational 
levels

Virtual state

Figure 2.10. Schematic of all three types of scattering, Stokes, anti-Stokes Raman and 
Rayleigh scattering.
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   P = αE = α Eocos2πνot

Here α is a proportionality constant called polarizability. If the molecule is 

vibrating with a frequency νm, then the nuclear displacement q is written as

q = qocos2πνmt,

where qo is the vibrational amplitude.  For small amplitude of vibration, α is a 

linear function of q. Then one can write polarizability as

α = αo + (∂α/∂q)o qo + …….

Here αo is the polarizability at the equilibrium position, and (∂α/∂q)o is the rate of 

change of α with respect to the change in q, evaluated at the equilibrium position. 

Combining the above equations, we get the following equations:

P = αEocos2πνot

 = αoEocos2πνot + (∂α/∂q)o qEocos2πνot

 = αoEocos2πνot + (∂α/∂q)o qocos2πνmt Eocos2πνot

 = αoEocos2πνot + (1/2) (∂α/∂q)oEo[cos{2π(νo+νm)t} + {2π(νo- νm)t}]

According to classical theory, the first term represents an oscillating dipole that 

radiates light frequency νo (Rayleigh scattering), while the second term contribute to the 

Raman scattering of frequency νo+νm (anti-Stokes) and νo-νm (Stokes). If (∂α/∂q)o is 

zero, the vibration is not Raman active [2.35]. 

“To be Raman active, the rate of change of polarizability (α) with the vibration must not 

be zero”
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2.3.3. Selection Rules for Infrared and Raman Spectra

Raman and FTIR spectroscopies are regarded as complementary to each other. 

Indeed, it can be shown that the selection rules for Raman scattering are different from 

those for infrared absorption spectroscopy. Some transitions may be observed only 

through Raman scattering, some only in direct absorption, and some both in absorption 

and through Raman; still others can not be observed either in absorption or by Raman 

scattering. Even when a transition can be observed, in principle, both in absorption and 

by Raman scattering, the intensity factor may make it easier to observe in one effect than 

in the other. Therefore, to acquire a complete knowledge of the energy levels of a system, 

a study of both Raman scattering and absorption spectroscopy has to be performed. Thus, 

infrared and Raman spectroscopy are to be regarded as complementary, rather than 

alternative methods of investigating transitions between energy levels of molecules.

To determine whether the vibration is active in IR or in Raman, the selection rules 

must be applied to each normal vibration. Since the mechanisms are markedly different, 

their selection rules are also different. According to quantum mechanics, a vibration is 

IR-active if the dipole moment is changed during the vibration and is Raman active if the 

polarizability is changed during the vibration. The following section briefly discusses the 

differences between both spectroscopy techniques.

Although IR and Raman spectroscopies are similar in that both techniques 

provide information regarding vibrational frequencies, there are many advantages and 

disadvantages unique to each spectroscopy. Some of them are listed here:
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1) Some vibrations are only active in IR and some only in Raman. In general, a 

vibration is IR-active, Raman active, or active in both; however, totally 

symmetric vibrations are always Raman-active.

2) Since water is a weak Raman scatterer, Raman spectra of samples in an 

aqueous solution can be obtained without major interference from water 

vibrations. In contrast, IR spectroscopy suffers from the strong absorption of 

water. 

3) Since the source in Raman is the laser and the laser beam is normally 1-2 mm, 

only a small sample area is needed to obtain Raman spectra. This is a great 

advantage over conventional infrared spectroscopy when only a small quantity 

of the sample is available.

4) Measurements of depolarization ratios provide reliable information about the 

symmetry of a normal vibration, whereas such information cannot be obtained 

in IR spectra.

The major disadvantage of Raman spectroscopy is that it is difficult to detect 

compounds which exhibit fluorescence when they are irradiated by a laser beam. Indeed, 

this problem was noticed in this research and is discussed in detail in the “Results and 

Discussion” chapter. 
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2.3.4. Applications of Raman spectroscopy in IC industry

Raman spectroscopy has been applied in studying the effects of mechanical stress 

in wafers. Mechanical stress is an important reliability issue in microelectronic devices. 

In CMP, due to the application of downward force during the process, generation of local 

strain occurs resulting in fluctuations in k value of the dielectric material. Another major 

source for large stresses is LOCal Oxidation of Silicon (LOCOS) process. 

In his study, Wolf has shown that Raman spectroscopy is a technique to study the 

local stress in LOCOS structures [2.36]. Both the oxide and nitride films are transparent 

to the laser light, so that the stress in the Si substrate along the whole structure can be 

monitored. Figure 2.11 shows two alternative LOCOS isolation processes: (left) 

PBLOCOS (poly-buffered LOCOS) and (right) PELOX (poly-encapsulated LOCOS). 

The shift in the frequency of the Si Raman peak from the stress-free position, ∆ω, was 

monitored for both processes during the scan along three 3 µm wide lines. In the 

PBLOCOS structure (left), ∆ω becomes slightly negative (about -0.1 cm-1) when 

approaching the first line. Just underneath the edges of the PBLOCOS line ∆ω becomes 

more negative (-0.4 cm-1). These shifts are the result of tensile stress caused by the bird’s 

beak and the bending of the nitride. Because the PELOX structure has no bird’s beak 

feature, this large stress is not present as can be seen in figure 2.11 (right). The steeper 

the slope of the side wall, which can also be found from the Raman spectrum, the larger 

the stress, as can be seen when comparing PBLOCOS (about -200 MPa) with PELOX 

(about -480 MPa).
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Figure 2.11. Raman shift measured on PBLOCOS (left) and PELOX (right) isolation 
structures (3 µm wide). A SEM of one PBLOCOS (left) and PELOX (right) 
structure is shown at the top.

Recently, Raman spectroscopy has been used in characterizing low-k dielectric 

materials [2.37]. During the formation of spin-on low-k films, the precursor solution is 

spun onto the wafer, then soft baked and finally cured to achieve a cross-linked 

polyphenylene product. A generalized reaction scheme is shown in figure 2.12. It was 

shown that this progress of the cross-linking reaction is readily followed by using Raman 

spectroscopy, which is a very sensitive probe for the presence of the acetylene functional 

groups as shown in figure 2.13. The cure state is followed by the decrease in the 

acetylene groups at 2200 cm-1, normalized to the aromatic ring stretching bands at around 

1600 cm-1. The Raman ratio of peak intensities 2200 cm-1 to 1600 cm-1 has also been 

shown to correlate well with in-line refractive index measurements using ellipsometry. 
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Figure 2.12. The phenylene cross-linked polymer is prepared from the reaction of the 
biscyclopentadienone, a polyfunctional acetylene, and a diacetylene. R1 and
R2 are typically H, or an unsubstituted aromatic group. Ar1, Ar2, and Ar3 are 
independently an unsubstituted aromatic moiety or inertly substituted 
aromatic moiety [2.37].

  

Figure 2.13. The Raman spectrum of polyphenylene ultra- low-k dielectric: (a) Spun-on 
film, postsoft- bake but no cure; (b) same film, after furnace cure. The 
polyfunctional acetylene group is noted on the spectra and decreases in 
intensity as the cure progresses. The degree of cure is monitored by taking the 
ratio of the acetylene peak intensity at ~2200 cm-1 to the aromatic ring peak  

intensity at ~1600 cm-1. Spectra were collected using 633 nm excitation [2.37].
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Use of Raman spectroscopy in analyzing solutions in IC industry:

In the early 1990’s, Michael and Kevin [2.38] demonstrated the use of Raman 

spectroscopy for the non-invasive quantitative analysis of SC-1 (standard cleaning) 

silicon wafer cleaning solutions. SC-1 solution is a mixture of NH4OH : H2O2 : DI water 

(1:1:5) that is usually used at an elevated temperature. When the [NH4OH]/[H2O2] ratio 

of the solution is too high, etching roughens the silicon surface [2.39]. This roughness 

leads to degraded gate oxide breakdown properties [2.40]. When the ratio is too low, the 

SC-1 solution is less effective at particle removal [2.41, 2.42]. The SC-1 cleaning process 

can also cause excessive thickness reduction in thermal oxide and doped SiO2 layers 

[2.43]. The loss of thickness can reduce device reliability and yield.

Raman spectroscopy was well suited to continuous on-line determination of the SC-

1 solution composition as this technique was fast, non-contact, and non-destructive. The 

well-resolved, high information-content spectra were sufficient to simultaneously 

measure the concentrations of each component in the SC-1 solution. Figure 2.14 (left) 

shows the effect of H2O2 concentration on the H2O2 band shape in aqueous NH4OH. The 

sharp band at 875 cm-1 was due to the H2O2 (O-O) stretching vibration. It was found that 

its peak position was not affected by the range of H2O2 and NH4OH concentrations used 

in the study. A peak at 1119 cm-1 (figure 2.14 right) was also observed which was 

attributed to the bending vibration from NH4OH. A peak at 3311 cm-1 was used to 

determine the NH4OH concentration, quantitatively. These peaks were used to follow the 

concentration of NH4OH in SC-1 solution.
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Figure 2.14. (left) Effect of H2O2 concentration on H2O2 band shape in aqueous 
NH4OH[18]. (right) A sharp band at 3311cm-1 is from –NH strech and a 
peak at 1119 cm-1 is due to bending vibration of NH4OH.

Apart from several applications in the semiconductor industry, Raman 

spectroscopy has also found major applications in the pharmaceutical industry in 

following solvent mediated polymorphic transformation of progesterone [2.44] and in the 

chemical industry in following the hydrolysis of acetic anhydride to acetic acid [2.45]. In 

the present study it is shown that chemical monitoring can indeed be efficiently 

performed using Raman spectroscopy, even in the presence of aqueous media.
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2.4. Surface Enhanced Raman Spectroscopy (SERS)

2.4.1. Historical Background

SERS is a Raman spectroscopic technique that provides a greatly enhanced 

Raman signal from Raman-active analyte molecules that have been adsorbed onto certain 

specially prepared metal surfaces. In 1978, the technique was discovered largely through 

the work of Fleischman, Van Duyne, Creighton, and their co-workers, who found that 

molecules adsorbed on specially prepared silver surfaces produce a Raman spectrum that 

is at times a million fold more intense than normal [2.46]. While SERS is limited to 

detection of molecules adsorbed on certain metallic surfaces, it is far more sensitive than 

conventional Raman and allows detection down to ppb concentrations. 

SERS is observed primarily for analytes adsorbed onto coinage (Au, Ag, Cu) or 

alkali (Li, Na, K) metal surfaces, with the excitation wavelength near or in the visible 

region. Theoretically, any metal would be capable of exhibiting surface enhancement, but 

the coinage and alkali metals satisfy calculable requirements and provide the strongest 

enhancement. Metals such as Pd or Pt exhibit enhancements of about 102-103 for 

excitation in the near ultraviolet.

2.5.2. Mechanism

Two main mechanisms are considered to be causing this effect:

§ Electromagnetic enhancement mechanism (EME)

§ Chemical enhancement mechanism (CE)
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2.5.2.1. Electromagnetic enhancement mechanism (EME)

The electromagnetic effect is dominant, causing enhancement up to six orders of 

magnitude, whereas the chemical effect contributes enhancement of only two orders of 

magnitude. A small metal sphere with dimensions (typically 10-100 nm) smaller than the 

wavelength of illuminating light will sustain oscillating surface plasmon multipoles of 

various order, induced by the time varying electric field vector of the light. The surface 

plasmons are collective oscillations of the conduction electrons against the background of 

ionic metal cores [2.47-51]. In addition, light can induce a host of other excitations in the 

metal particle, including intraband transitions. For a small enough particle, all but the 

dipolar plasmon can be ignored. Systems with free or almost free electrons will sustain 

such excitations; and the freer the electrons, the sharper and more intense the dipolar 

plasmon resonance.  The electromagnetic enhancement is dependent on the curvature of 

the metal particles or rough metal surfaces and should be in the nanometer range.

2.5.2.2. Chemical Enhancement (CE)

In addition to the electromagnetic enhancement there is a chemical enhancement

mechanism that contributes significantly to the observed SERS signal. The exact 

mechanism of the chemical enhancement is still under debate; however, it has been 

widely proposed that the target molecule must adsorb onto the SERS substrate surface for 

the enhancement mechanism to apply. In summary, the chemical enhancement 

mechanism involves the incident radiation striking the roughened metallic surface 

resulting in a phonon being excited within the metal to a higher energy level. From this 
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excited state, a charge transfer process to a vibrational level of the same energy within the 

target analyte takes place. Variations in vibrational energy states occur, resulting in the 

transfer of a photon of different frequency being passed back to the metallic energy levels 

and returned to the ground state of the metal.

The structural and molecular identification provided by SERS can be used for 

numerous interfacial systems, including electrochemical, biological, catalytic, in-situ and 

ambient analyses, and other adsorbate-surface interactions. Due to the sensitivity of 

SERS, detection of trace molecules (very low concentrations) can be accomplished 

2.4.1.3. Application of SERS in IC industry

A study was reported by Gi et al. [2.52] where the adsorption of azoles on 

roughed metallic copper was compared with that of roughened copper oxide surface, 

using SERS. The air oxidation of etched Cu, in 12% HNO3, was followed using SERS, 

which is illustrated by the spectra shown in figure 2.15. The spectra of the left column in 

figure 2.15 are from the copper foil washed with distilled water after etching. On 

exposure to air, broad bands centered around 590 cm-1 and 520 cm-1, which show up 

gradually, are due to the symmetric and asymmetric stretches of cuprous oxide. From the 

SERS peak intensity the thickness was measured to be approximately 1 nm, which 

corresponds to 2-3 monolayers of Cu2O. The SERS spectra on the right column in figure 

2.15 are used to follow the oxidation of the Cu foil which had been washed with water at 
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pH 4 after etching in 12% HNO3. The spectra show that Cu2O did not accumulate on the 

surface until after an exposure of one hour.

Figure 2.16a shows a normal Raman spectrum of benzimidazole (BIMH) in solid 

state whereas figure 2.16b illustrates a SERS spectrum of BIMH on freshly cleaned 

copper. Spectral differences in figure 2.16 indicate that BIMH chemically reacted with 

metallic copper. In order to exclude the possibility of Cu2O in the reaction, copper foil 

treated with water at pH 4 was immersed in a benzimidazole solution, and a vigorous 

agitation was applied. The SERS spectrum of chemisorbed benzimidazole is shown in 

figure 2.16c, which is exactly the same as figure 2.16b. Since Cu2O could not accumulate 

Figure 2.16. SERS study of 
chemisorption of BIMH. A) 
Normal Raman spectrum of 
BIMH b) SERS spectrum of 
BIMH on Cu after washing with 
distilled water c) after washing 

Figure 2.15. SERS study of Cu 
oxidation in air. (Left) Cu foil washed 
with distilled water after etching. 
(Right) washed with water of pH 4. a) 
freshly cleaned Cu foil b) 30-min 
exposure to air c) 1 hr d) 2 hrs.
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on the acidic surface during a short exposure, as shown in figure 2.16, the similarity of 

the SERS spectra in figure 2.16 clearly indicates that it was metallic copper that reacted 

with benzimidazole to form the surface complex.

Benzotriazole is an aromatic compound with three nitrogen atoms attached to a 

benzene ring (figure 2.17). This compound is commonly used as a corrosion inhibitor in 

the copper CMP process. Benzotriazole, being organic in nature, yields several Raman 

peaks. SERS spectrum of BTAH adsorbed on a copper electrode has also been studied as 

a function of potential applied to the electrode [2.53]. In this study, the presence of some 

complexes involving Cu(I), benzotriazole or benzotriazolate (BTA-) and the halide 

(present in the electrolyte) have been successfully characterized. Using SERS spectrum, 

the protective film formed on copper surface, in the presence of BTA, was identified as a 

cuprous benzotriazole at an applied potential. In near neutral solutions (0.5 M KCl, 0.005 

M BTA) the spectra of BTA adsorbed on a copper electrode, using a 647.1 nm laser, 

were shown in figure 2.18. The spectra (figure 2.18a and 2.18b) are very similar to that of 

[Cu(I)BTA] as presented in an earlier work [2.54-2.59], with broadening of some bands. 

The spectra obtained at different electrode potential are shown in figure 2.18 (c) - (e) in 

KCl/acidic solutions. For a less negative potential (-0.2 V), the spectrum resembles that 

of the [Cu(I)BTA] complex but, for more negative solutions (-0.4 V, -0.6 V),

characteristic peaks of the complex have disappeared.

Figure 2.17. Molecular structure of benzotriazole.
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A very interesting difference in spectroscopic behavior was observed when the 

rate of oxidation-reduction cycle was varied. When the system was nearly neutral and the 

oxidation-reduction cycle was carried out at a slow rate of 0.02 Vs-1, no SERS effect was 

observed on the return half cycle. However, when a fast rate was used (0.2 Vs-1) a SERS 

effect occurred during the return half cycle. A possible explanation lies in the fact that 

when a slow rate of cycling was used the Cu electrode was completely covered by a 

polymer film which inhibited the SERS effect due to the lack of roughness on the Cu 

surface. When the rate of cycling was increased the formation of a film completely 

covering the electrode was not possible, giving rise to SERS signal from the complex. 

Figure 2.18. a) & b) SERS spectra in nearly neutral solutions (0.1 M KCl, 0.005 M 
BTA); c), d) & e) in acidic solutions (0.1 M KCl, 0.005 M BTA, 0.001 M 
HCl) at indicated potentials.
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2.5. RESEARCH OBJECTIVES:

It is clear that the endpoint detection in CMP is very critical in the fabrication of 

Cu/ low-k structures. The principal objective of this research is to explore the feasibility 

of using Raman spectroscopy in detecting, in-situ, the transition from barrier layer to 

low-k layer during CMP. In particular, the detection of Ta to CDO layer transition using 

Raman spectroscopy is of interest. Part of that objective is to design and fabricate a 

labsize-abrasion cell and to integrate it with a Raman spectrometer, in order to carry out 

Raman spectroscopy under CMP conditions. 

Since CMP slurry has a rich chemistry, a second objective is to use Raman 

spectroscopy for detecting and measuring the concentrations of various chemical 

constituents of the slurry. Finally, improved detection of certain species using SERS will 

be explored.  
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3. METHODS AND MATERIALS

3.1. Low-k samples:

Initial studies, to characterize low-k dielectric materials, were carried out on 

SiLK-D, which is an enhanced version of SiLK spin-on resin with an improved 

coefficient of thermal expansion (CTE). SiLK films of thickness 150 nm, coated on 

200 mm wafers, were provided by DOW Chemical Corporation.

CDO wafers were obtained from two different sources; the first set (designated as 

CDO-I) had 1 µm CDO coating on 300 mm silicon wafers and was provided by Intel 

Corporation, Hillsboro OR. The second set (designated as CDO-II) had 0.5 µm CDO 

coating on 200 mm silicon wafers and was provided by Sematech, TX. The main 

difference between the two types of samples is the specific alkylsiloxane precursor used 

during deposition. The other major difference found later in our study was that the CDO-I 

fluoresced significantly when irradiated with a 514.5 nm laser, whereas CDO-II did not. 

For the experiments related to the feasibility of detection of a transition from 

barrier layer (Ta) to dielectric layer, CDO wafers coated with Ta were used. CDO-I 

wafers were coated with 20 nm Ta, and CDO-II with 25 nm Ta. Wafers were diced into 

small samples; 2 cm X 2 cm samples were used for static tests, and 3.5 cm X 3.5 cm 

samples for dynamic (in-situ) tests. A schematic of the Ta coated CDO sample stack 

structure is shown in figure 3.1.
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Figure 3.1. Schematic of sample stack structure.

3.2. Chemicals:

In order to explore the feasibility of detecting the slurry constituents in the space 

between the pad and the wafer during the CMP process, two slurry systems, one based on 

hydroxylamine and the other based on hydrogen peroxide were chosen. Hydroxylamine 

(50%) and hydrogen peroxide (30%) were obtained from EKC Technology and J.T. 

Baker respectively, and BTA (99%) was purchased from Aldrich in fine powder form. 

Silver (20 nm) and gold (60 nm) nanoparticles in dispersion, used in SERS 

experiments, were purchased from BBInternational Inc. These dispersions had 

approximately 1012 nanoparticles per ml in them. 

Organic solvents, Dimethyl acetamide (99%) and Dimethyl sulfoxide (>99%), 

utilized in BEOL wet cleaning solutions were purchased from Alfa Aesar and Avocado 

Research labs respectively. Diglycolamine (>98%) was obtained from Fluka and stored in 

a desiccator. 

3.3. Slurry system:

Three percent hydrogen peroxide solution containing 3% silica particles (80nm) at 

pH 10 was used as the slurry in all the experiments, unless specified. Silica particle 

dispersion (20%) was obtained from EKC Technology. The number of the silica particles 

in the silica dispersion was determined to be 3*1014 per ml.
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3.4. Equipment & Methods:

3.4.1. Static Raman setup:

Raman spectra were collected using a Jobin Yvon HR 640 spectrometer with 640 

cm focal length, equipped with a charge-coupled device (CCD) detector. The CCD was 

cooled to 140 K using liquid nitrogen where it operated efficiently. A schematic sketch of 

the experimental setup is shown in figure 3.2. A tunable argon (Ar) laser (Spectra Physics 

series 2000) with a wavelength of 514.5 nm and a temperature-stabilized diode laser 

(Toptica Photonics) with a wavelength of 785 nm were used as light sources. 

Several mirrors were used to guide the laser beam towards the sample and from 

sample to the detector. Dielectric mirrors specific to the laser wavelength were used 

between the laser source and the sample, as the reflection spectrum of dielectric mirrors 

at that specific wavelength has greater than 99% reflectivity. Metallic (silver coated) 

mirrors were placed between the sample and the spectrometer. Even though metallic 

mirrors have less reflectivity compared to dielectric, they have a broad reflection 

spectrum ranging from approximately 500 nm to up to 1 µm. 

A laserline (bandpass) filter was placed before the sample to remove the plasma 

lines. A holographic notch filter (Kaiser Optics) was used to reflect the laser beam 

towards the sample and to transmit the Raman signal towards the spectrometer. The notch 

filter reflects most of the light at specific wavelength when placed at an angle, and that 
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angle was 13o for 514.5 nm and 8o for 785 nm notch filters that were used in this setup. 

An objective lens (60X) fixed to a stage whose motion can be controlled in z-direction 

using a micrometer, was used to focus the laser onto the sample as well as to collect the 

Raman signal from the sample. The sample was placed on a stage, whose motion was 

controlled in all three directions using micrometers (Newport). All Raman spectra from 

the experiments performed under static conditions (ex-situ) were collected with the laser 

hitting the sample from the top as shown in figure 3.2.

Figure 3.2. Schematic of a static Raman setup.
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3.4.2. Reflectivity measurement setup (static):

An optical reflectivity measurement set up was used to compare the sensitivity of 

the Raman technique with the reflectivity technique in detecting the Ta to CDO transition 

under static conditions. A diode laser at 785-nm, operated at 290 mW, was used to carry 

out reflectivity measurements. As shown in figure 3.3, during the measurements the 

sample was placed on a flat stage, whose motion in the vertical direction can be 

controlled. In this setup, the laser beam hits the sample at an angle close to the normal 

incidence. The reflected beam is collected at the same angle using a silicon photodiode 

detector, which was coupled with a read-out device from Newport Corporation (Model 

838). To avoid burning of the detector when illuminated with such a high-powered laser, 

an optical density-3 (OD-3) filter was placed before the sample. 

  

Figure 3.3. Reflectivity measurement (static) setup equipped with a diode laser.
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3.4.3. Abrasion Cell:

An abrasion cell was built to conduct Raman and reflectivity measurements, in-

situ. The abrasion cell consisted of a Teflon vessel (10 cm inner diameter and 12.5 cm 

outer diameter) with a 0.2 cm diameter hole at the bottom, which is 2.5 cm offset from 

the center, to allow the laser to hit the sample during abrasion. In CMP tools, reflectivity 

measurements are typically made through a polyurethane window (glued to a 

polyurethane based pad). Due to its organic nature (containing –CH bonds), a 

polyurethane window will also yield a strong Raman signal at around 2900 cm-1. This 

signal from polyurethane will overwhelm the signal from the CDO sample. To avoid this 

problem, a sapphire window (obtained from Miller optics), which also has excellent 

mechanical and chemical resistance, was chosen. A circular piece (8 cm diameter) of 

polishing pad (Rohm and Haas, IC1000) integrated with a sapphire window (0.9 cm 

diameter, 0.1 cm thick) was attached to the bottom of the vessel such that the window 

was placed over the hole. The sapphire window was glued to the Teflon vessel using an 

epoxy adhesive material. 

A special sample holder, which could hold a sample of dimensions 3.5 cm X 3.5 

cm, was made out of Teflon. Using an electronic-grade adhesive, wafer samples were 

attached to the sample holder, and pressed against the polishing pad. The sample holder 

could be rotated at 124 rpm using an electric motor. Two load cells (pressure sensors), 
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placed on top of the motor, were used to measure the force applied during the abrasion 

process. These load cells were connected to a strain gauge panel meter (DP25-S from 

Omega), which was initially calibrated to read the applied load in terms of psi. A clear 

linear relationship was observed between the voltage reading from the device and the 

load applied, up to 7 pounds as shown in figure 3.4. This calibration curve was then 

converted into psi units from pounds, by introducing the area where the abrasion was 

taking place. The load was adjusted manually, using a micrometer attached to the setup. 

The whole abrasion cell unit (figure 3.5) was integrated with the Raman spectrometer. 

Unlike the static conditions, an inverted optics configuration was used to carry out in-situ

Raman measurements, where the laser hits the sample from the bottom of the cell through 

the sapphire window. Pictures of the abrasion cell are shown in figure 3.6. 
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Figure 3.5. Schematic of the abrasion cell with laser hitting the sample from the bottom.

3.4.4. Ellipsometry:

A Gaertner Scientific Ellipsometer was used to determine the thickness of the 

dielectric films. This instrument uses a class-II, Helium-Neon laser (1 mW) as a light 

source and a silicon photodiode as a detector. The sample stage was mounted on a 

vacuum chamber, which allows the sample to be stable while the equipment is operated. 

Thickness measurements were performed using two-angle method (70o and 50o), in 

which the system finds best fit value for refractive index and thickness. 
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Figure 3.6. Abrasion cell integrated with a Raman spectrometer a) Teflon vessel with 
IC1000 pad and a sapphire window b) Sample holder fixed to an electric 
motor c) whole abrasion cell with all the optics outside the spectrometer.
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3.4.5. Atomic Absorption Spectrophotometry:

To measure the amount of copper dissolved in hydroxylamine solutions, a Perkin-

Elmer (Model 2380) Atomic Absorption spectrophotometer (AAS) was used. Copper 

concentration measurements were done using 324.75 nm wavelength light provided by 20 

mA continuous copper lamp (VWR Scientific). A copper calibration curve, as shown in 

figure 3.7, was obtained by using 0.25, 0.75, 1, 3, and 5 ppm copper solutions made from 

standard copper (AAS 165) solution obtained from Spectrum. A linear correlation was 

observed in this range between the concentration and the intensity of the absorption peak. 

Sample solutions were diluted several times with DI water such that the concentration 

would fall in the calibration range of copper. 

Figure 3.7. AAS calibration curve generated from Cu solutions of known concentrations.
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3.4.6. Concentration of Ag and Au nanoparticles dispersion for SERS studies:

During SERS experiments, silver and gold nano particles were utilized as 

enhancing media. As the number of nano particles present in as-received dispersions was 

not sufficient to generate the SERS signal, the dispersion was concentrated by a 

centrifuge method using a IEC HN-S II centrifuge. This unit was designed for 

continuous, heavy-duty service featuring step-less variable speed control, a direct reading 

tachometer, and a 60-minute automatic timer. This instrument is capable of holding eight 

250 ml eppendorfs simultaneously and has a maximum speed of 4650 rpm. 

One milliliter of the as-received silver dispersion was taken in small vials, and 

four such vials were placed in each compartment of the centrifuge. The centrifuge was 

operated at 4000 rpm for two hours before the concentrated silver dispersion was 

collected from the bottom of each vial into a fresh vial. The concentration of the solution 

was measured using a UV-Vis spectrometer. 

3.4.7. UV-Vis Spectrophotometry:

In order to determine the concentration of nanoparticles present in dispersions, a 

Perkin-Elmer UV-Vis spectrophotometer was used. A 3 ml glass cuvette was used to 

place the sample solution in the sample slot and a similar cuvette filled with water was 

placed in the reference slot to compensate the reflection losses at two interfaces, air/glass 

and glass/water. The concentration of the silver nanoparticles was determined by 

measuring the absorption peak intensity at 400 nm wavelength in UV-Vis spectroscopy.
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As-received:

CB = concentration of as-received silver particles (known)

CR = concentration of the diluted (200 µl in 3 ml of DI water)

CR =  (0.2/3.2)*CB …(1)

Centrifuged:

CC = concentration of centrifuged silver particles

CD = concentration of diluted centrifuge solution (10 µl in 3 ml of DI water)

CD = (0.01/3.01)*CC …(2)

But, the absorption peak intensity is proportional to the concentration according to Beer-

Lambert’s law

A = εbc 

Where A = absorbance (arbitrary units)

ε = molar absorbtivity (L mol-1 cm-1)

b = path length of the sample (cm)

 c = concentration of the sample (L-1 mol)

Let AD be the intensity of the absorption peak from the diluted centrifuge 

dispersion and AR be the intensity of the absorption peak from the diluted as-received 

solution.

 CD * AR =  CR * AD  …(3)

By combining equations (1), (2), and (3), we get

CC = (3.01/0.01)*(0.2/3.2)*(AD/AR)*CB …(4)

On simplifying equation (4), we get
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CC = 18.81*(AD/AR)* CB

The number of nanoparticles in any centrifuged dispersion was determined using 

the above equation, given the value of CB (which is 7*10^11 particles/ml). The 

assumption made in these calculations was: all the silver nanoparticles are centrifuged 

into the concentrated dispersion. 

3.5. Preparation of samples for Raman and reflectivity measurements:

Initial studies were concentrated on SiLK samples in order to see the effects of 

film thickness, laser power, and the presence of fluid media on the Raman signal from 

SiLK films. Samples were rinsed with DI water and dried using dry nitrogen before 

making Raman measurements.

The initial Raman technique feasibility study was performed ex-situ (static mode). 

In order to characterize the effect of thickness of CDO films on Raman signal intensity, 

these films were thinned by etching in 9.8% hydrofluoric acid (HF) for various time 

intervals. The thickness of the etched samples was measured by ellipsometry.

Ex-situ investigation of the barrier layer to CDO layer transition was performed 

using Ta coated CDO samples. In this case, the thickness of Ta was reduced by etching in 

45% potassium hydroxide (KOH) solutions. All ex-situ spectra were collected with the

laser hitting the sample from the top. To investigate the effect of the presence of fluid 

media on Raman signal intensity, a few Raman spectra were collected through a thin film 

(1.5mm) of fluid (water, 3% silica slurry) placed over the sample. This was achieved by 

forming a small cavity using an O-ring placed on top of the sample.
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Ex-situ reflectivity measurements were also performed to compare with that of 

Raman measurements. For this purpose, a 785 nm diode laser was utilized. The same set 

of samples were used for both Raman and reflectivity measurements when the results 

were compared.

3.6. In-situ Raman and reflectivity experiments:

The sample, attached to a sample holder, was pressed against the polyurethane 

pad and rotated at 124 rpm during the abrasion. Loads between 0.5 psi to 3.5 psi were 

applied using the micrometer setup. An inverted optics configuration was used to carry 

out in-situ Raman measurements, as shown in figure 3.8a, where the laser hits the sample 

from the bottom of the cell through the sapphire window. The objective lens under the 

cell was mounted on a micrometer setup, whose motion in z-direction can be manually 

adjusted, and was used to focus the laser at the interface of the slurry and the sample. All 

the Raman spectra were repeated three times to improve the signal to noise ratio. 

For in-situ reflectivity measurements, the objective lens was replaced with a 50-

50 beamsplitter (Newport). The beamsplitter reflects 50% of the laser beam and transmits 

the other 50% towards the sample. Half of the reflected signal from the sample is again 

reflected by the beamsplitter and follows the path towards a photodiode detector. The 

other half of the reflected beam from the beamsplitter was blocked using a beam blocker. 

Constant motion of the sample during abrasion resulted in changes in the reflected 

beam’s position on the photodiode detector, causing fluctuations in the reflectivity data. 

To minimize this, the readings from the detector were collected and averaged over 5sec 

time intervals. A schematic of the in-situ reflectivity measurement setup is shown in 
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figure 3.8b. To avoid damage to the detector during illumination with the high-powered 

laser, an optical density (OD-1) filter was placed before the sample. An argon laser at 

514.5 nm was used for both in-situ Raman and reflectivity measurements.

3.7. Raman experiments on slurry constituents:

The hydroxylamine-based slurry system was studied in order to understand the 

chemical interactions taking place between the slurry constituents and the copper film. 

Ex-situ experiments were performed by dipping a known thickness copper wafer in 

hydroxylamine solutions of different concentrations. All solutions were adjusted to pH 4 

using (2M) dilute sulfuric acid. A few experiments were also performed at an elevated 

temperature using a hotplate, which is sensitive to 1oC. 

Amounts of copper dissolved were estimated by analyzing the Raman spectra of 

hydroxylamine solutions. A calibration curve was generated by collecting numerous 

Raman spectra of hydroxylamine solutions of known concentrations, ranging from 0.01M 

to 0.5M, as shown in figure 3.9. Depending on the amount of hydroxylamine reacted with 

copper in the solution, the Raman signal of the amine peak varies. Using the calibration 

curve, the amount of hydroxylamine present after the experiment was determined 

accurately. Raman spectra of these solutions were collected by focusing the laser onto the 

sample solution, placed in a clean watch glass on a stage, whose motion in all three 

directions can be controlled. All the measurements were repeated three times to improve 

the signal to noise ration (S/N ratio).
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a)

Figure 3.8. Schematic of a) in-situ Raman setup and b) in-situ reflectivity setup.
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3.8. SERS Experiments:

During the quantitative analysis of BTA in CMP slurries, 0.01M (1200ppm) BTA 

is the lowest concentration that can be detected with conventional Raman spectroscopy. 

In a typical metal CMP, the amount of BTA, used as a corrosion inhibitor, is lower than 

these levels, close to 100 ppm. In order to detect such low levels of BTA, the SERS 

technique was investigated. 

Using pyridine and gold particles as a model system, the sensitivity of the Raman 

setup to carry out SERS experiments was investigated. For the SERS experiment, a 

copper wafer sample (1 cm X 2 cm) was dipped in 10-4M BTA solution for one minute, 

rinsed in DI water and dried using dry nitrogen. Twenty microliters of centrifuged silver 

particle (20nm size) dispersion was then placed on a dried copper surface, and a spectrum 

was recorded by focusing the incident light at the copper surface/silver dispersion 

interface. A few experiments were also performed by focusing the laser into the solution 

(mixture BTA solution and the silver particle dispersion) in order to find the amount of 

BTA in the solution. All the SERS spectra were collected for one second repeated three 

times in order to increase the signal to noise (S/N) ratio. 
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4. RESULTS AND DISCUSSION

Various low-k materials were characterized using Raman spectroscopy before 

experiments were conducted to detect the barrier layer to dielectric layer transition. The 

initial Raman technique feasibility study was performed under static conditions (ex-situ). 

All subsequent tests were carried out in-situ using the abrasion cell integrated with the 

Raman spectrometer. 

All low-k samples used in this study were deposited on silicon wafers. Silicon has 

a strong and sharp signal at a wave number of 520 cm-1 and a broad and weak signal 

close to 950 cm-1 as shown in figure 4.1. Prior to each experiment, the Raman 

spectrometer was calibrated using the silicon peak at 520 cm-1.
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Figure 4.1. Raman spectrum of bare Si wafer.
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4.1. Raman characterization of SiLK films

The initial characterization of low-k dielectric films was performed using SiLK. 

Raman spectra of SiLK obtained in air and water environments are shown in figure 4.2. 

The signal collection time was 5 seconds. The peaks observed at approximately 1600 cm-

1 and 1350 cm-1 can be attributed to the aromatic ring present in the material. The 

intensity of the aromatic peak was decreased when the spectrum was taken in water (1.5 

mm layer). This is most likely due to the attenuation of the laser power in the water 

medium as well as some reflective losses at the air-water interface.

 

Figure 4.2. Raman spectra of SiLK in air and water media.

In order to investigate the effect of laser exposure for longer irradiation times, 

Raman spectrum of SiLK was collected after three minutes of laser exposure at 180 

mW power as shown in figure 4.3. Each spectrum was collected for 10 seconds and 

repeated three times. By comparing the relative intensities of the silicon peak at 950 cm-1
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and aromatic peaks (1350 cm-1 and 1600 cm-1) it may be concluded that degradation of 

film occurred due to the longer exposure to a high powered laser.

Figure 4.3. Signs of SiLK film degradation using 180 mW laser after 3 minutes of 
exposure.

The next set of experiments was focused on investigating the effect of different 

laser sources (at different wavelengths) on the Raman signal of SiLK. Two different 

lasers were utilized in this study: an argon laser (514.5 nm) at 180 mW and a diode laser 

(785 nm) at 290 mW. Raman spectra obtained using these lasers are shown in figure 4.4. 

Even though the power of the argon laser is lower and the collection time is shorter (15 

seconds for diode and 2 seconds for argon), both signals were comparable in terms of 

intensity. The Raman scattering process therefore appears to be more efficient at higher 

photon energies. However, the shorter collection time results in a lower S/N ratio for the 

argon laser, and a large background due to fluorescence is also evident. As a result of 
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longer collection time, peaks from the diode laser are much sharper than those from the 

argon laser. 

Visual inspection of the film revealed that long laser exposure times caused 

damage to SiLK as shown in figure 4.5. This damage was more prominent in the case 

of the argon laser than in that of the diode laser, even though the diode laser exposure 

time and power were higher. The more severe damage caused by the argon laser is most 

likely due to a greater absorption resulting in heating of the film at high photon energy.

Figure 4.4. Raman spectra of SiLK film with two different lasers.
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Figure 4.5. Damage caused by long exposure times two different lasers.

4.2. Raman characterization of CDO films

In the Raman spectrum of CDO (both from source I and II), a strong peak at 2911 

cm-1 with a shoulder at 2972 cm-1 is observed as shown in figure 4.6. These peaks may be 

ascribed to the symmetric vibrations of the C-H bond in CH2 and CH3 groups, 

respectively, present in CDO. Hereinafter, the peak at 2911 cm-1 will be referred to as the 

CDO peak. Only symmetric vibrations are observed in Raman spectroscopy as these are 

the only vibrations that efficiently couple with electronic transitions. As mentioned 

earlier, the only difference between the two samples (CDO-I and CDO-II) is that the 

CDO-I sample exhibited fluorescence phenomenon when irradiated with a laser whereas 

CDO-II did not. The fluorescence phenomenon has been investigated in detail in the next 

section. Figure 4.6 also shows the Raman spectrum of silicon in the same wavenumber 

Diode Laser at ~290 mW
exposure for 1 hour

Ar Laser at ~50 mW
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exposure for 1 hour

Ar Laser at ~50 mW
exposure for 1 minute
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region, and it is evident that there are no peaks observed which could interfere with the 

characteristic peaks from CDO. 

4.2.1. Effect of the laser power and damage threshold for CDO

To study the laser power effect on the Raman signal, Raman spectra at different 

laser powers were collected using 514.5 nm Ar laser. As expected, figure 4.7 shows that 

the intensities of the Raman signals both at 2911 cm-1 and 2972 cm-1 increased with an 

increase in laser power. This feature can be useful when conducting experiments in 

aqueous media as the intensity of the signal tends to decrease due to the laser power 

attenuation in the aqueous media as well as the reflective losses at the interfaces.  
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Figure 4.6. Raman spectra of Si and CDO-I film.
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Figure 4.7. Effect of the laser power on the Raman signal from CDO-I film.

Additionally, tests were conducted to investigate the power level for the onset of 

damage in CDO samples obtained from both sources. These experiments were performed 

by gradually increasing the laser power and collecting the Raman spectra at regular 

intervals.

The CDO-II sample spectra were collected at 300 mW and 350 mW, in different 

wavenumber regions for 5 seconds. Figure 4.8 shows that the characteristic CDO peak at 

2911 cm-1 disappeared as the power was increased from 300 mW to 350 mW. Similarly, 

two new broad peaks appeared that were not present at lower laser powers, at around 
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1300 cm-1 and 1600 cm-1 as shown in figure 4.9. The cause of the simultaneous 

disappearance of some peaks and appearance of new peaks was assumed to be bond 

transformation during the thermally induced degradation of the film. 

A similar effect was also observed in the CDO-I sample but at lower power (225 

mW) compared to the CDO-II sample, even though the thickness of the former was two 

times that of the latter (CDO-I is 1 µm thick and CDO-II is 0.5 µm thick). The reason 

could be the different bond type (such as Si-O, Si-C, Si-H, etc with different bond 

energies) present in two different precursor compounds used to synthesize these films. 

But in both CDO films, no visual damage could be directly observed, as was the case in 

SiLK. The power level for onset of damage was observed to be around 225 mW for 

CDO-I and 325 mW for CDO-II samples when using the argon laser at 514.5 nm. 
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4.2.2. Effect of CDO film thickness

In order to investigate the effect of film thickness on the Raman signal, CDO 

films were etched in 9.8% HF for different time intervals. Thickness values before and 

after were measured using an Elliposmeter. The spectral data for samples etched for 

different times are shown in figure 4.10 along with the value of film thickness. 

The spectra showed a continuous decrease in the CDO peak intensity as the CDO 

layer is etched away. The initial thickness of the CDO film analyzed during this 

experiment was only 1 µm thick, which is significantly smaller than the penetration depth 

of the Raman laser probe. The entire layer was therefore probed at all times and its signal 

intensity decreased as the thickness of the CDO film decreased. Indeed, figure 4.11 

shows a linear relationship between CDO thickness and Raman peak intensity. The data

points in figure 4.11 correspond to the highest points of the 2911 cm-1 peak at different
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Figure 4.10. Decrease in the CDO peak (2911 cm-1) intensity with thickness of the film.

intervals of etching. As expected, the Raman intensity is a linear function of the 

population of scattering centers in the samples. This illustrates the potential of the Raman 

technique to quantitatively monitor CDO film thickness.
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Figure 4.11. Linear variation of CDO-I peak (2911 cm-1) intensity with film thickness.

4.2.3. Effect of temperature

During the CMP process, the temperature of the wafer is typically raised 10 to 

30oC due to chemical reactions and friction between the pad and the wafer. So it is 

essential to know the effect of temperature on the position and the intensity of the Raman 

signal from the films under abrasion during the CMP process. In that respect, the effect of 

temperature was investigated by recording the silicon peak (520 cm-1) position from the 

substrate of the CDO sample. 

In this experiment, the sample was heated using a hotplate, which was accurate to 

+1oC. The temperature of the sample was also measured using a thermocouple attached to 
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the sample. The sample was irradiated using the argon laser with 100 mW power. Raman 

spectra were collected at different temperatures for one second and repeated 30 times for 

an accurate position of the peak by improving the S/N ratio. Shorter collection times (one 

second) were applied to avoid the increase in local temperature due to the laser power.

As can be observed from figure 4.13, the position of the Stokes-Raman peak 

shifted towards lower frequency as the temperature increased. Temperature dependence 

of the Raman shift is explained by anharmonic phonon couplings, and the shift is 

exponentially proportional to reciprocal of temperature [4.1]. However, in the 

temperature range investigated, peak shifted to lower frequency almost linearly with 

increasing temperature. 

Experimentally observed shift in the Stokes component (520 cm-1) with 

temperature is compared in figure 4.14 to a solid curve drawn through the value of the 

shift calculated by Cowley [4.2] at 10, 100, 300, and 500 K. The overall agreement 

between experiment and theory is excellent. Although there is a shift between the two 

curves, we find that their slopes are very close in the smaller temperature range of 

experiment. Hart et al, [4.3] also showed that a significant change was observed 

frequency besides the changes observed in line width and amplitude with temperature, 

when collected spectra of silicon in a broad range of temperature (20, 460, and 770K).
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Figure 4.13 and 4.14 clearly shows that the Raman peak shift due to temperature 

change that typically occurs in CMP processes is very minimal. It can thus be concluded 

that temperature variation should not affect Raman monitoring of CMP processes.

4.2.4. Effect of the presence of fluid medium on Raman signal

To investigate the feasibility of detecting the Raman signal through slurry, a thick 

layer (500 µm) of slurry was introduced between a sapphire slide and the CDO sample 

using an O-ring as shown in figure 4.15. The slurry consisted of 3% hydrogen peroxide 

and 3% silica particles (80 nm). The Raman signal was collected by focusing the laser 

beam at the interface of the slurry and the CDO sample. A high laser power (300 mW) 

was used and the spectrum was collected for 60 seconds with ten repetitions. 

Figure 4.16 shows the Raman spectrum of the CDO sample obtained through the 

slurry after correcting for the broad water signal at 3250 cm-1. Focus was adjusted by 

looking at the reflection on iris, placed before the objective lens. As can be seen in figure 

4.16, the signal from the CDO at 2911 cm-1 can be detected despite the presence of a 

thick layer of slurry. The low Raman signal intensity even at high power can be attributed 

to the semi-transparent nature of the slurry, where the power of the laser was highly 

attenuated by the scattering phenomenon caused by the silica particles. This was 

confirmed by performing an experiment in which the Raman spectrum was collected 

through a water layer of same thickness instead of slurry (figure 4.16). The signal 

intensity was higher in this case, as the water medium did not contain any scattering 

particles.
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The Raman signal reduction due to the presence of a slurry medium can be 

overcome by increasing the laser power since the intensity of the Raman signal is directly 

proportional to the laser power. It is also important to note that, in a typical CMP process, 

this would not be a major issue as the space between the pad and the wafer is much 

smaller (<50µm).

 

 

Figure 4.15. Raman setup to collect spectrum of CDO sample through a fluid layer.
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Figure 4.16. Raman spectrum of CDO sample collected through a fluid layer and a 
sapphire slide after subtracting the large water signal.

4.2.5. Fluorescence phenomenon from CDO-I

As mentioned earlier, CDO-I samples were seen to display a very large 

background signal, which at times saturated the CCD detector. This phenomenon was 

only present with an excitation source of high photon energy (laser at 514.5 nm) and was 

therefore recognized to be the result of fluorescence. This phenomenon was not observed 

in the CDO-II sample. The difference in behavior between the two samples is believed to 

be associated with the different precursors used to synthesize these films. The 

fluorescence phenomenon is explained briefly in Appendix A.
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The fluorescence observed in the CDO-I sample decreased with time and 

eventually disappeared. To investigate the bleaching process (decrease in intensity) of the 

fluorescence signal from CDO-I sample, several spectra of the CDO-I sample were 

collected at regular intervals while the sample was continuously exposed to the laser. The 

fluorescence background decayed with time as shown in figure 4.17. The bleaching 

process of the fluorescence phenomenon from the sample was observed to decay in an 

exponential manner as shown in figure 4.18. All the data points in figure 4.18 are the 

fluorescence signal intensities at 520 cm-1 in every spectrum taken at equal intervals of 

time.
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Figure 4.17. Decay of the fluorescence signal from CDO-I sample with time.
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Figure 4.18. Bleaching of fluorescence phenomenon from CDO-I sample with time.

In order to check whether the fluorescence phenomenon introduced any 

compositional changes in CDO-I, samples were characterized using Fourier-transform 

infrared (FTIR) spectroscopy. FTIR spectra of several samples exposed to 200 mW laser 

for various time intervals were collected. As shown in figure 4.19, no detectable change 

was observed in the characteristic peak (from C-H stretch) of the CDO-I sample after 

laser exposure. This confirms no damage occurred to the chemical structure of the 

sample, which could have been associated with the decay of the fluorescence 

phenomenon. Figure 4.20 shows that there was no significant change in the intensity at 

2911 cm-1 peak during the decay of fluorescence. Neither was any change in its peak 

position observed, suggesting that no damage occurred. 
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Figure 4.19. FTIR spectra before and after quenching of fluorescence revealing no 
detectable chemical change in CDO-I sample.
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Figure 4.20. Peak height at 2911 cm-1 during the decay of fluorescence.
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4.3. Detection of Ta layer to low-k layer transition

4.3.1. Experiments under static conditions (ex-situ)

Samples with different thickness of Ta overlayer were prepared by controlled 

etching of Ta samples (2cm X 1cm) using 45% KOH for different time intervals. 

Thickness measurements were performed using a four-point probe. On each sample five 

measurements were taken, four in the four corners and one in the center, and the average 

of the five values was taken as the thickness of the sample. 

The removal of the Ta layer was characterized in two ways, first by following the 

variation in the C-H peak intensity from the underlying CDO layer and second by 

following the variation of Si-Si peak intensity from the silicon substrate. The intensity of 

each peak increases drastically as the reflective Ta layer is removed. A sharp transition 

was effectively detected due to the highly reflective nature of the Ta layer, which blocks 

the Raman signal until it is almost removed. 

Figure 4.21 shows the results obtained at a power of 50 mW by monitoring the C-

H bond stretching vibrations from CDO film. All the data points in this plot are the 

highest peak intensities at 2911 cm-1 peak in the Raman spectra at different etching times. 

The Raman signal from CDO began to increase sharply when the Ta layer was rendered 

very thin after approximately 3 minutes of etching. At the 4 minute etching point there 

was no Ta left on the sample (determined by from four-point probe test) and the CDO 

peak intensity reached its highest intensity. If the etching process was continued after the 

complete removal of the Ta layer, the Raman signal intensity began to decrease in a 
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linear fashion due to the reduction in CDO layer thickness as shown in figure 4.21. 

Aggressive KOH chemistry is capable of etching oxide layers such as CDO film.

 

Figure 4.21. Evolution of CDO peak intensity with etching of Ta overlayer.

The transition from Ta to low-k was also monitored by following the Si-Si peak at 

520 cm-1 as a function of Ta layer thickness. As shown in figure 4.22, the data exhibit a 

similar sharp transition as the Ta layer is removed. The Raman peak intensity changed 

almost 20 fold when the last 3 nm of Ta was removed. The additional increase in 

intensity where there was no Ta is probably due to etching/removal of the CDO layer. 

Reflectivity measurements were also collected on the same set of samples and 

displayed in figure 4.22. Reflectivity data collected using a 785 nm laser show a 

monotonic linear decrease as the Ta layer is removed. The values decreased by a factor of 

two when the Ta was completely removed. In contrast, the Raman signal showed an 

exponential increase during the Ta to low-k transition. The extreme left points in both the 
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Raman and reflectivity data were the respective signals from the CDO film when all the 

overlying Ta had been removed. These results suggest that the Raman technique can 

detect Ta to CDO transition with greater sensitivity than reflectivity measurements.          

 

Figure 4.22. Comparison of Ta to low-k transition using reflection and Raman 
measurements (Si peak at 520 cm-1).
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4.3.2 Detection of Ta to low-k transition, in-situ

Considering the promising results obtained ex-situ, in following the Ta to low-k

transition, efforts were focused on  detecting the transition in-situ. These experiments 

were performed in the specially designed abrasion cell. 

Abrasion cell: In commercially available CMP tools, reflectivity measurements 

are made through a polyurethane window (glued to a polyurethane based pad). 

Polyurethane, because of its organic nature, will also yield a Raman signal with large C-

H peaks in the region around 2900 cm-1. Unfortunately the signal from the polyurethane 

window would overwhelm the signal from the sample, making the detection of the 

transition very difficult. Consequently two alternative window materials, without 

interfering Raman signal, namely, quartz and sapphire were identified. The optical 

windows of quartz and sapphire are shown in figure 4.23. Sapphire had less transmission 

in the region of interest (600nm to 620nm) than quartz, but sapphire showed better 

chemical and mechanical wear resistance compared to quartz. 

Raman spectra of both sapphire and polyurethane window materials are shown in 

figure 4.24. Both spectra were collected at 50 mW for 5 seconds repeated 3 times. 

Sapphire has no Raman peaks in the CDO peak region while the polyurethane has a 

strong, overwhelming signal due to the presence of C-H bonds. In addition, sapphire has 

a better transmission compared to polyurethane, which only transmits approximately 65% 

at this wavelength (605 nm). 
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Figure 4.23. Optical transmission windows of sapphire and quartz.
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In order to test the feasibility of making measurements in-situ with the abrasion 

cell setup, spectra were collected on a bare 3” Si wafer pressed against the pad while 

being rotated at 124 rpm. The cell was filled with DI water during the measurements. 

Applied pressure was 2 psi and the laser beam was focused onto the sample through the 

sapphire window. 

Figure 4.25 shows a comparison of Raman spectra collected in static mode and 

during abrasion of the wafer in the abrasion cell. As can be observed in figure 4.25, there 

is no significant difference noticed between the signals acquired in static and those in 

rotational modes. The results illustrate that Raman signal collection during abrasion of 

the sample could be performed as efficiently as on a static sample. It is thus expected that 

Raman monitoring of layer thickness changes and transitions can be effectively 

performed in-situ during CMP process.               
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Ta to low-k transition: 

The transition from barrier to dielectric layer was studied by monitoring both Si 

and CDO peaks in situ during abrasion. Each Raman spectrum was recorded for 5 

seconds and repeated three times to lower the signal-to-noise (S/N) ratio. Several spectra 

were taken during the experiment at equal intervals of time. The samples used were 30 

nm Ta coated CDO-II samples. A schematic of the Ta coated blanket CDO-II sample is 

shown in figure 4.26.

Figure 4.26. Schematic of the Ta coated blanket CDO-II sample.

Figure 4.27 shows the change in Si peak intensity observed as a function of 

abrasion time. A sharp increase in Si peak intensity starting from 100 seconds to 900 

seconds is observed as the Ta layer is abraded. The sharp transition is due to the removal 

of the highly reflective Ta layer, which blocks the Raman signal until the Ta is almost 

completely removed. The transition follows an exponential behavior as the Ta layer is 

removed. The data points correspond to the Si peak (520 cm-1) intensity at different 

times. The corresponding Raman spectrum at different time intervals during Ta removal 

is shown in the inset of figure 4.27. Running the experiment beyond the point where all 
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tantalum has been removed resulted in no change in silicon peak intensity (after 900 

seconds). 
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Figure 4.27. Increase in Si peak intensity as Ta layer is removed. (inset) Si peak at 
different time intervals.

A second set of experiments was performed by monitoring the CDO peak at 2911 

cm-1 and as shown in figure 4.28, a similar sharp transition was observed. The CDO peak 

was more difficult to monitor than the Si peak. Even though water is a poor Raman 

scatterer, it gave a broad signal (centered at 3250 cm-1) which interfered with the CDO 

peak at 2911 cm-1. To overcome this problem, each Raman spectrum was corrected for its 

base line to determine the CDO peak intensity.
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4.3.3. In-situ Raman vs. in-situ reflectivity measurements

Figure 4.29 compares the results from in situ Raman (using Si peak) and in situ 

reflectivity measurements. As shown before, the transition from barrier to dielectric layer 

follows an exponential behavior in Raman, and a linear behavior in reflectivity. In the 

reflectivity technique the curve flattened after approximately 200 seconds, while the 

Raman signal continued to change up to approximately 300 seconds. In the reflectivity 

method, this is likely due to the fact that small Ta islands that may remain during the last

stages of barrier layer removal do not strongly affect the intensity of the beam that is now 

reflected off the CDO surface. In contrast, in Raman these islands are preventing the laser 

source from reaching the underlying Si and are also partly reflecting the scattered signal 

produced underneath. 
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It is also observed that the reflection signal starts decreasing linearly right from 

the beginning of abrasion while the Raman signal only appears after 100 seconds. This is

due to the fact that the Ta layer both blocks the light source and reflects the scattered 

signal generated underneath. The Raman signal therefore appears only when the Ta layer 

starts breaking up while the reflectivity signal changes gradually from the Ta value to the 

CDO reflectivity value. These results suggest that Raman monitoring can be used for the 

detection of complete Ta removal with greater sensitivity than that provided by 

reflectivity measurements.
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4.3.4. Effect of applied pressure on the transition

Experiments were also performed to investigate the effect of applied pressure on 

the sharpness of the transition curve. Figure 4.30 shows the Raman intensity as a function 

of abrasion time for applied pressures of 2.2 and 3.1 psi. As can be observed, an increase 

in pressure increased the sharpness of the transition.

The reflectivity measurements were found to be very sensitive to the vibrations in 

the experimental setup during the rotation of the sample. At higher pressures, the 

vibrations that induced noise in the reflectivity measurements were lower. Hence the 

pressure values used in the reflectivity method were slightly higher than the Raman 

measurements. The inset of figure 4.30 shows that increase in applied pressure sharpened 

the slope of the transition in a way similar to that observed in the Raman technique.
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4.3.4. Effect of laser power on the transition curve

The effect of laser power on the transition curve in both Raman and in reflectivity 

was also investigated. As may be observed in figure 4.31, in Raman technique, the slope 

of the transition line increased with respect to laser power. In contrast, as shown in the 

inset of figure 4.31, the slope of the transition line in reflectivity method did not change 

with laser power. As expected, an increase in laser power increased the intensity of the 

reflected beam from both the Ta and the CDO surfaces, resulting in no significant change 

in the slope of the transition line. On the other hand, an increase in laser power allowed a 

more sensitive Raman detection when the Ta layer was reduced to a few nanometers, 

resulting in a sharper transition line. 
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4.4. Detection of Ta to CDO transition using fluorescence signal (CDO-I)

In the previous section, the use of Raman spectroscopy for detecting the transition 

was demonstrated and compared to the reflectivity technique. However, the Raman 

technique cannot be implemented for a family of low-k materials that fluoresce, as the 

fluorescence signal dominates the Raman signal, making it difficult to monitor the 

transition. The fluorescence signal can be used as an advantage and utilized instead of the 

Raman signal to detect a barrier-to-dielectric layer transition. Moreover, this technique 

can be used for in-situ monitoring with a conventional polyurethane pad window, unlike 

the Raman detection technique. 

Fluorescence spectra were collected using the argon laser at 514.5 nm 

wavelength. Initial studies were performed on 30 nm Ta coated blanket CDO-I samples. 

A second set of experiments was performed using patterned wafers. These wafers were a 

single damascene stack of a CMP test chip pattern polished down to the barrier layer, 

leaving 15 nm Ta on it. A schematic of both stack structures is shown in figure 4.32.

Figure 4.32. Schematic of the samples a) blanket CDO wafer coated with Ta b) as-
received patterned wafer and c) patterned wafer after abrasion.

As can be seen in figure 4.33, the fluorescence signal from blanket sample 

increased sharply as the Ta layer became very thin and rapidly reached maximum value 
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revealing the transition from Ta to low-k film. The transition curve in the fluorescence

technique replicates the result in the Raman technique. 

In-situ reflectivity measurements were also performed under similar conditions. 

Figure 4.33 shows a comparison of the fluorescence and reflectivity measurements 

performed on the samples from the same wafer. Reflectivity data show a monotonic 

linear increase as the Ta layer is removed, in contrast to the exponential increase from the 

fluorescence data. In reflectivity measurements, the curve flattens out at approximately 

160 seconds while the fluorescence signal continues to change up to approximately 200 

seconds. This behavior is identical to the one observed with the Raman technique, most 

likely for the same reasons. The behavior is due to the presence of small Ta islands (inset, 

at point A) during the last stages of the Ta layer removal, which do not affect strongly the 

intensity of the reflected beam. However, these small Ta islands are obstructing the laser 

from reaching the underlying CDO layer and also partly prevent the fluorescence signal 

from reaching the detector. Once all the Ta islands were removed, the fluorescence curve 

reached its maximum intensity and flattened out (inset, point B). These results illustrate 

that the detection of transition by following the change in the fluorescence signal is more 

sensitive than following the change in the reflectivity signal.
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4.4.1. Effect of applied pressure on the transition rate in fluorescence technique

The next set of experiments was performed to study the effect of the applied 

pressure on the transition behavior observed using the fluorescence technique. Figure 

4.34 shows the intensity of the fluorescence peak as a function of abrasion time at two 

different applied pressures. An increase in applied pressure increased the slope of 

transition in a way similar to the effect observed with the Raman technique. This should 

be expected because an increase in pressure removes the Ta layer at a faster rate. The 

same behavior was also observed in the reflectivity measurements as shown in the inset 

of figure 4.34. As mentioned earlier, the reflectivity measurement was found to be very 

sensitive to the vibrations in the experimental setup during the rotation of the sample. At 

higher pressures, the vibrations that induced noise in the reflectivity measurements were 

lower. Hence the pressure values used in the reflectivity measurements were slightly 

higher than those used in the Raman measurements. 
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4.4.2. Effect of laser power on the transition rate in fluorescence technique

The effect of laser power on the time-dependent fluorescence signal is shown in 

figure 4.35. An increase in laser power caused an increase in the slope of the transition in 

fluorescence measurements but not in reflectivity measurements (inset). This is expected 

because an increase in laser power would increase the intensities of the reflected beams 

from both the Ta layer and the CDO layer, resulting in much less change or no change in 

the slope of the transition. On the other hand, increase in the fluorescence signal is faster 

at high power since a greater signal intensity can pass through the Ta layer.

Figure 4.35. Effect of laser power on the slope of Ta to CDO transition in fluorescence 
and reflectivity (inset) techniques.
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4.4.3. In-situ transition from Ta to CDO layer on patterned wafers

The in-situ CMP monitoring study was extended to check the feasibility of 

detecting the transition using the fluorescence technique on patterned wafers. These 

wafers were a single damascene stack of a CMP test chip pattern polished down to the 

barrier layer, leaving 15 nm Ta on it. In the test structure, the thickness of the copper 

lines varied from 0.32 to 20 µm, and the spacing between the copper lines varied from 

0.16 to 20 µm. A picture of a patterned wafer with 15 nm Ta coating is shown in figure 

4.36. In this figure, two regions can be noticed: first, a polished region where there is no 

Ta and second, an unpolished region, where there is 15 nm Ta still on the sample. 

A schematic of the chip pattern is shown in figure 4.37. The chip pattern consisted 

of 2 X 2 mm2 arrays of lines and spaces, repeated periodically throughout the 300 mm 

wafer. The initial static measurements, prior to the in-situ measurements, on these 

samples were performed by focusing the laser in the field between these array structures 

(for example, in the region between S1 and Z5 arrays), which is approximately 0.5 mm3.

 

Figure 4.36. A photograph of patterned wafer showing polished (after abrasion) and 
unpolished regions.
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Figure 4.37. Schematic drawing of the chip pattern in the patterned wafer.
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Figure 4.38 shows the results obtained with the patterned sample. The 

fluorescence signal from CDO-I increased sharply as the Ta layer became very thin after 

approximately one minute of abrasion, revealing the CDO-I film underneath, between the 

copper structures. Figure 4.38 also shows a comparison of the transitions in the case of 

the blanket and the patterned wafers. Even though the laser power utilized was greater in 

the case of the patterned wafer, fluorescence intensity was lower compared to the blanket 

wafer. This lower intensity is due to the small area of CDO-I material (between the 

copper structures) exposed to the laser in the case of the patterned wafer. The earlier 

appearance of the transition line during the abrasion of the patterned wafer in comparison 

to the blanket wafer is attributed to the smaller Ta layer thickness of the patterned wafer 

(15 nm).

Figure 4.39 shows a comparison of the fluorescence data with that of the 

reflectivity data from the patterned wafer. The reflectivity data flattened out around 130 

seconds while the fluorescence signal continued to change up to approximately 200 

seconds. Thus, even in the case of the patterned wafers, the fluorescence data was more 

sensitive to the Ta islands (inset) present during the last stages of polishing compared to 

the reflectivity data. Moreover, the fluorescence signal was so strong that one could 

implement this technique to any level of dielectric layer in semiconductor device 

manufacturing. The effects of the applied pressure (load) and the laser power on the 

transition curve were also investigated using patterned wafers and were found to be 

similar to those observed in the case of blanket wafers.
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4.5. Applications of Raman spectroscopy in detecting slurry constituents of interest 
 to Cu-CMP

4.5.1. Hydrogen peroxide-based slurry systems

The majority of the slurry systems require an oxidizing agent, and hydrogen 

peroxide (H2O2) is the most widely used oxidizing agent in the industry. Since H2O2 is 

unstable and decomposes with time, it is necessary to continuously monitor its 

concentration in the slurry and periodically adjust it if necessary. In that respect, static 

experiments were initially conducted to check the feasibility of detecting H2O2 using 

Raman spectroscopy.  

Figure 4.40 shows the Raman spectrum of 1 M hydrogen peroxide at its natural 

pH (~6). A sharp and strong peak at 877 cm-1 is due to highly symmetric stretching 

vibrations from the O-O bond. Since H2O2 displays a strong Raman signal in an aqueous 

environment, further experiments were performed to check the possibility of hydrogen 

peroxide detection in the presence of a slurry containing silica particles. Figure 4.40 also

shows the comparison between spectra obtained from peroxide solution and from 

peroxide based silica (3%) slurry. No change in peroxide peak position was observed in 

the slurry but a decrease peak intensity was noticed due to the opaque nature of the slurry 

particles.
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Figure 4.40. Decrease in the intensity of peroxide signal (877 cm-1) due to the presence 
of silica particles in the slurry.

Subsequent experiments were performed to investigate the possibility of 

quantifying the hydrogen peroxide concentration using the Raman signal at 877 cm-1. 

Solutions with decreasing concentration were prepared by diluting 30% H2O2 with DI 

water. Raman spectra of these solutions were collected for 5 seconds and each collection 

was repeated 6 times. Figure 4.41 shows an increase in Raman intensity with increasing 

concentration. 

Figure 4.42 clearly shows a linear correlation between Raman intensity and the 

concentration of H2O2. All the data points in this figure correspond to the peak intensity 

at 877 cm-1. In order to check whether the linear relationship holds for a wide range of 

concentrations, the same experiments were performed with peroxide concentrations up to 

5 M (inset of figure 4.42). The linear trend appeared to hold even at high concentrations.
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Figure 4.41. The effect of peroxide concentration on the Raman signal.

Figure 4.42. Increase in H2O2 peak (877 cm-1) intensity with concentration. [The linear 
trend holds good even for higher concentrations (inset)].
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4.5.2. Hydroxylamine-based slurry systems

The hydroxylamine (NH2OH) molecule has an N-O bond as a backbone as well as 

two hydrogen atoms linked to the nitrogen and one to the oxygen atom as shown in figure 

4.43. The stretching vibrations of both N-O bond and N-H bond are symmetric in nature 

and therefore Raman-active. Figure 4.44 shows Raman spectra of 0.5 M hydroxylamine 

at its natural pH (9.45) showing the stretching vibrations from N-O and N-H (inset) 

bonds at 918 cm-1 and 3270 cm-1 respectively. 

Figure 4.43. Molecular structure of both hydroxylamine and its protonated form.

Figure 4.44. Raman spectra of hydroxylamine, N-O and N-H (inset) vibrations.
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4.5.2.1. Concentration study:

As-received hydroxylamine (17M) was diluted with different amounts of DI water 

to prepare solutions of different concentration (0.1 M, 0.25 M, 0.5 M, 0.75 M, and 1 M). 

The shape of the Raman peak at 918 cm-1 (N-O bond vibrations) at different 

concentrations is shown in figure 4.45. As shown in inset of figure 4.45, a clear linear 

correlation was observed between the Raman intensity and the concentration. The 

concentration study was also repeated by observing the peak at 3250 cm-1 (N-H 

vibrations) and was found to follow a similar linear relationship.
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4.5.2.2. pH study :

In copper CMP applications, the pH of the hydroxylamine based slurry is adjusted 

between 4 and 6. In order to investigate the effect of pH on the Raman signal of 

hydroxylamine, solutions of hydroxylamine with pH values varying from 3.8 to 9.5 were 

prepared. 

Figure 4.46 shows Raman spectra of hydroxylamine solutions at different pH 

values. When the pH of the hydroxylamine solution was decreased, from 9.45 to 3.8, 

using 9 M sulfuric acid, hydroxylamine transforms into its protonated form (NH3OH+). 

The transition was clearly observed by following the hydroxylamine peak (N-O peak). As 

can be observed, the Raman intensity of the N-O peak decreased with decreasing pH. The 

peak at 981 cm-1 (SO4
-2) was due to the sulfuric acid added to the solution in order to 

decrease the pH of the solution.

A new peak at 1007 cm-1 appeared at lower pH values, and the intensity of this 

peak increased as the pH of the solution decreased. This peak was due to the N-O 

stretching vibrations present in the protonated form of hydroxylamine (NH3OH+). The 

increase in the vibrational frequency of the N-O bond (1007 cm-1) in the protonated form 

of hydroxylamine compared to the N-O bond present in hydroxylamine (918 cm-1) was 

attributed to the higher spring constant (k) of N-O bond according to the following 

equation: 

νo = (1/2π)(K/µ)1/2

Where νo is the frequency 

K is the spring constant and µ the reduced mass.
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The transformation of amine to its protonated form was also followed by 

observing the intensity of the –NH peak. The intensity of the peak due to the –NH bond 

of hydroxylamine decreased with the amine composition in the solution due to the change 

in pH. As the pH decreased, the concentration of the protonated form in the solution 

increased. However, no new peak was observed due to the –NH vibrations present in 

protonated amine, probably because these vibrations are asymmetric (figure 4.43) and are 

therefore likely to be Raman inactive. 
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Figure 4.46. Decrease in the amine peak (918 cm-1) intensity and increase in the intensity 
of protonated form of amine (1007 cm-1) as the pH of the solution is decreased.

A summary of Raman results for hydroxylamine is shown in Figure 4.47. The 

data points of the solid line correspond to the maximum peak height of the amine (918 



121

cm-1) peak at different pH values and data points of the dashed line are from protonated 

(1007 cm-1) form. The pH value at the intersection of the two lines, which ideally is the 

pKa (negative log of the acid ionization constant) value of hydroxylamine, is roughly 6.4. 

This value is slightly higher than the value of 6 quoted in the literature and could be 

attributed to experimental errors.

Figure 4.47. Intersection of two curves (decrease in amine peak and increase in 
protonated amine peak, with decrease in pH) is close to pH 6 (pKa value).

4.5.3. Study of Cu dissolution in hydroxylamine-based slurry systems

In copper CMP the ability of hydroxylamine to complex with copper can 

significantly affect the CMP process. In the following section a set of experiments was 

conducted to check the feasibility of the Raman technique to detect the copper-

hydroxylamine complexes during copper dissolution in the slurry. In these experiments 

the pH of the solution was acidic (approximately pH 4), hence all the hydroxylamine was 

in its protonated form. The copper dissolution study was conducted for two days as the 
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rate of copper dissolution in the 0.1 M hydroxylamine solution was very low, 

approximately 5-10 angstroms per minute in static conditions. 

Figure 4.48 shows a set of Raman spectra collected on solutions (50ml) in which 

a copper sample (2cm X 2cm) was immersed. The intensity of the Raman peak at 1007 

cm-1, due to the N-O vibrations present in the protonated form, decreases with time. 

Decrease in the intensity is due to the decrease in the concentration of protonated amine 

following the formation of a copper-hydroxylamine complex with the copper ions 

dissolved in the solution. As more copper dissolved with time, the concentration of the 

protonated amine decreased resulting in a reduction in the Raman intensity. All the 

Raman spectra were collected at 100 mW laser power. The presence of a strong peak at 

981 cm-1 is due to the SO4
- vibrations present in sulfuric acid used to decrease the pH of 

the solution.
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In order to confirm the results observed by Raman technique, the concentration of 

copper present in the hydroxylamine solution was simultaneously monitored by Atomic 

Absorption Spectrophotometry (AAS). Table 4.2 shows the copper concentration 

measured using the calibration curve shown in figure 3.7. Table 4.2 also shows the 

decrease in concentration of hydroxylamine obtained from Raman measurements. The 

results reveal that two hydroxylamine molecules were consumed for every one copper ion 

as a result of the formation of the copper-hydroxylamine complex as shown by the 

following equation. 

Cu2+ + 2 (NH3OH+) à Cu- (NH3OH)2  (complex)  

Table 4.1. Results from AAS and Raman spectroscopy of copper dissolution in 0.1 M 
HDA solution.

Time (hrs) Cu conc. (AAS) HDA conc. (Raman) [HDA]/[Cu]
0 (initial) 0 M 0.1 M --

18 0.0102 M 0.021 M 2.05
38 0.0152 M 0.030 M 1.97
66 0.0264 M 0.054 M 2.04

These results are also in agreement with published Pourbaix diagrams for the 

copper-hydroxylamine system [3.4], shown in figure 4.49 which shows the stability of 

2:1 copper-hydroxylamine complex at lower pH values. 
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Figure 4.49. Potential-pH (Pourbaix) diagram for Cu-hydroxylamine-water system for 
copper ion activity at 10-4 and hydroxylamine species activity at 0.5.

The same set of experiments was repeated at an elevated temperature. Figure 4.50 

shows the Raman spectra of copper dissolved in 0.1 M hydroxylamine solution 

maintained at 40 degree Celsius, before and after two days. Experiments were conducted 

in a closed container to avoid the evaporation of the DI water, resulting in an increase in 

the hydroxylamine concentration in the solution. The rate of copper dissolution is found 

to be higher at higher temperature, but the results showed the same pattern, as in the 

experiment at room temperature. The decrease in Raman intensity compared to the 

previous study at room temperature is due to the shorter collection time (10 seconds) used 

to acquire the Raman spectra. 
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Figure 4.50. Raman spectra of the hydroxylamine solution resulting from dipping copper 
in 0.1 M HDA solution at 40 oC for 2 days.

Raman peak height versus Raman peak area:

Although the results presented in this study are obtained by measuring the Raman 

peak height, a more rigorous way of assessing the intensity of a Raman peak consists in 

measuring the peak area. In order to check a potential discrepancy between the two 

methods and confirm the validity of our Raman intensity data, a comparison of results 

obtained using peak height and peak area was performed. Hydroxylamine solutions of 

varying concentrations were prepared at room temperature. All the spectra were baseline 

corrected in order to get the accurate peak area, i.e. zero intensity and zero area when 

there was zero concentration. Figure 4.51 shows that both Raman peak height and Raman 
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peak area follow a very similar linear correlation with HDA concentration revealing that 

both essentially provide the same information.

Figure 4.51. Changes in Raman peak intensity and peak area with concentration.
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4.5.4. Quantitative analysis of chemical species in-situ

The concentration studies discussed in the above sections were also performed in-

situ. For this purpose, the abrasion cell integrated with a Raman spectrometer was used. 

As mentioned in earlier sections, the space between the sapphire window attached at the 

bottom of the cell and the sample under abrasion was approximately 300 µm. All the in-

situ measurements were recorded by focusing the laser into the solution (slurry), which is 

within the 300 µm space, while the sample was pressed against the pad and rotating. 

Initially, 0.2 M hydrogen peroxide based slurry was prepared and was introduced 

into the abrasion cell. A Raman spectrum of the solution was collected, and the 

concentration of the peroxide was successively increased to 0.4 M, 0.6 M, 0.8 M, and 1 

M by adding appropriate amounts of 10 M hydrogen peroxide. Figure 4.52 shows the 

Raman spectra at each concentration. The increase in the Raman intensity of the peroxide 

peak at 877 cm-1 was observed with the increase in the concentration. A clear, linear 

correlation was observed between the intensity and the concentration as shown in the 

inset of figure 4.52. No significant effect was noticed on either Raman peak position even 

though minimal vibrations were present during the abrasion of the sample.

A similar experiment was repeated, but this time without silica particles in the 

solution. An increase in the Raman intensity was observed due to the absence of 

scattering from silica particles, but the same linear pattern was repeated (data not shown). 

This confirmed that the presence of slurry particles does not significantly affect the 

potential of the Raman technique for quantitatively detecting chemical species, in-situ.
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Figure 4.52. Linear correlation between the Raman intensity and the concentration of
hydrogen peroxide (in-situ).

Similar experiments were carried out with hydroxylamine, in-situ. Figure 4.53 

shows Raman spectra of hydroxylamine at different concentrations. Since experiments 

were performed in alkaline conditions, only the Raman peak at 918 cm-1 due to the N-O 

was observed. The inset of figure 4.53 shows a good linear relationship between the 918 

cm-1 peak intensity and the concentration of hydroxylamine in the solution.
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Figure 4.53. Linear correlation between the Raman intensity and the concentration of 
Hydroxylamine in solution (in-situ).

In conclusion, these results illustrate that, the Raman technique allows analysis of 

the slurry present between the pad and the wafer unlike the UV absorption technique 

[3.5] where the concentration of peroxide is monitored before the slurry is delivered to 

the CMP tool. Hence, due to its high spatial resolution, small sampling area (cubic 

micron), its non-destructive nature, and short-time analysis, the Raman technique can be 

implemented as an on-line monitoring technique to monitor the compositional changes in 

a slurry in real time.

.



130

4.5.5. Raman study of benzotriazole (BTA)

Figure 4.54 shows a Raman spectrum of 0.01 M BTA (1200 ppm) recorded using 

an argon laser at 100 mW power. The spectrum clearly shows several peaks from various 

vibrations such as benzene ring stretch (779 cm -1), phenyl ring stretch (1376 cm-1), 

triazole ring stretch (1388 cm-1), etc. The position of these peaks was in good agreement 

with the literature [3.5]. Figure 4.55b shows a conventional Raman spectrum of 0.5 M 

BTA collected using an Ar laser at 150 mW, and 4.55a shows a SERS spectrum of 10-5

M BTA adsorbed on roughened Cu electrode, which will be discussed in detail in later 

sections [3.5]. 

The lowest concentration of BTA that was detected by conventional Raman 

spectroscopy was found to be approximately 1000 ppm. In order to detect a concentration 

down to 100 ppm of BTA and lower concentrations present in the slurry and/or on the 

wafer surface, the SERS technique was investigated.
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Figure 4.55 a) SERS spectrum of BTA (10-5 M )  b) Raman spectrum of BTA (0.5 M) 
 [3.5].

4.5.5.1. SERS Study of Pyridine:

Initial SERS experiments were performed using pyridine (C5H5N) as the analyte 

and the silver nanoparticles as the enhancing media. Pyridine was chosen to perform the 

preliminary studies, as it is a standard SERS active analyte. The Raman spectrum of 

concentrated pyridine (figure 4.56), collected for half a second repeated three times, 

shows two strong peaks at 993 cm-1 and at 1031 cm-1. Figure 4.56 also shows as a 

spectrum of pyridine, diluted 200 times, collected for 30 seconds. The Raman signal in 

the latter case was very low even though the collection time was high, as the pyridine 

concentration was low. In order to detect further lower concentrations, we conducted 

SERS experiments using silver nanoparticles.         
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Figure 4.57 shows a comparison of the Raman spectrum of pyridine collected for 

30 seconds and the SERS spectrum collected for 1 second. Pure pyridine (>99%) diluted 

200 times was used for Raman spectrum and same solution mixed with silver particle 

dispersion in 1:4 ratio used for SERS spectrum. The intensity of the SERS signal is far 

greater even though the solution concentration is 5 times lower (as it diluted 5 times), and 

the collection time is 30 times shorter than the normal Raman collection time. The signal 

enhancement in the presence of centrifuged silver particle dispersion was calculated to be 

approximately 103.

 

Figure 4.56. Raman spectra of pyridine (pure and diluted 200 times).
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Figure 4.57. Raman and SERS spectra of pyridine (diluted 200 times).

Similar experiments were repeated using gold nanoparticles instead of silver 

nanoparticles. The concentration of gold nanoparticles is one order magnitude less than 

silver particles. The size of the gold nano particles was 80 nm. In this study, a 785 nm 

diode laser was used as the exciting light source. The SERS spectrum was collected for 1 

second repeated 3 times. As can be observed in figure 4.58, the intensity of the SERS 

signal intensity is much higher than the normal Raman signal intensity collected for 30 

seconds. The enhancement was calculated to be approximately 700 times more than a 

normal Raman signal. The decrease in enhancement observed with gold particles in 

comparison to the silver particles could be attributed to several parameters such as the 

size of nanoparticles (Appendix B), concentration of the nanoparticles, chemical 

interaction between the nanoparticles and the analyte, etc. The same experiment was 
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repeated using an argon laser at 514.5 nm with gold particles, as an enhancing medium, 

but no enhancement was observed. 

Figure 4.58. Raman and SERS spectra of pyridine (diluted 200 times for conventional 
Raman spectroscopy, and 1000 times for SERS with gold particles).

4.5.5.2. SERS Study of BTA molecule:

The initial motivation for studying SERS was the possibility of observing very 

small quantities of the BTA at the surface of copper. The lowest concentration of BTA 

that can be detected in conventional Raman spectroscopy is 10-2 M (1200 ppm) as shown 

in figure 4.59. There were no peaks observed from BTA in the 10-3 M solution using 

conventional Raman spectroscopy. Hence, SERS experiments were conducted using 

BTA as the analyte. The ultimate goal, in the SERS study of BTA, was to generate a 
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stable signal from the BTA adsorbed onto the copper lines (enhancing medium) of a 

patterned wafer. 

In the initial attempt, silver nanoparticles were used as a SERS medium, and the 

argon laser was utilized as the light source. Very intense peaks from BTA were observed 

when the solution was mixed with a silver-particle dispersion. SERS peaks were 

approximately 1000 times enhanced in the presence of silver nano particles compared to 

normal Raman peaks (in the absence of silver nanoparticles). In order to investigate the 

practical feasibility of adding silver particles to a conventional CMP slurry, a study was 

performed to assess the minimum number of silver nanoparticles necessary in the 

solution to generate a SERS signal, and the corresponding spectra are shown in figure 

4.60. As shown in figure, when the Ag particle dispersion was diluted 10 times, we did 

not see any enhancement, thus revealing that we need at least 5*1012 silver particles per 

ml in the solution to see any enhancement. The number of silica particles present in the 

3% silica slurry was found to be approximately 5*1013 per ml. Therefore, at least one Ag 

nanoparticle must be in the solution for every ten silica particles, in 3% silica solution, to 

observe BTA signal enhancement.
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Figure 4.59. Raman spectra of BTA at different concentrations.

Figure 4.60. SERS spectra of BTA using different concentrations of silver nanoparticles
 dispersion as enhancing media. 
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The previous experiment provides the minimum amount of particles necessary to 

monitor the presence of BTA in solution. However, considering the corrosion inhibitor 

nature of BTA, it would be far more informative to detect the concentration of BTA 

absorbed at the copper surface. To investigate the potential for surface characterization, a 

copper wafer pre-treated with dilute sulfuric acid to remove the native oxide present on 

the surface was dipped in a 10-4 M (12 ppm) BTA solution for one minute and then rinsed 

and dried with dry nitrogen. Then, a droplet of centrifuged Ag particle dispersion was 

placed on the Cu surface and a spectrum was collected by focusing the laser at the Cu 

surface through the droplet. Figure 4.61 shows various SERS spectra with different Ag 

nanoparticles concentrations.  From these spectra, it was found that at least 8*1012 silver 

particles are necessary to generate the SERS signal from the BTA, which is adsorbed 

onto the Cu surface. 

Figure 4.61. SERS spectra from the Cu surface in the presence of various concentrated 
Ag particle solutions.
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From the above experiments, it was concluded that it is possible to detect 

approximately 10 ppm of BTA. In order to find out the lowest possible concentration of 

BTA that can be detected in the presence of 4*1013 particles per ml, series of experiments 

were performed by changing the concentration of the BTA in the solution. 

The result of this experiment is shown in figure 4.62. Strong BTA peaks were 

observed with 1200 ppm BTA in the solution and moderate peaks were observed with 12 

ppm, but no peaks were observed with 1.2 ppm BTA. However, it should be considered 

that this might not be the lowest concentration that can be detected using SERS, as it may 

be possible to observe even lower concentrations with a greater concentration of Ag 

particle dispersion. In conclusion, low concentrations of BTA comparable to the 

concentrations for CMP requirements can be detected using SERS technique which 

constituted a first step toward the goal of detecting BTA on the Cu surface.  

Figure 4.62. SERS spectra of BTA with different concentrations, using silver particle 
dispersion ( 3.5*1013 Ag (20nm) particles per ml).
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4.5.5.3. Use of Klarite SERS substrate:

It can be concluded from the above experiments that at least one Ag particle for 

every ten silica particles is required when using Ag particles as the enhancing medium 

and BTA as the analyte, in order to generate a good SERS signal. This is admittedly quite 

impractical in CMP. 

Further experiments on nanoparticle size confirmed that fewer numbers of 

nanoparticles are needed when using a bigger size (up to ~100 nm) particles, but the 

signal is highly unstable compared to the signal obtained when using smaller particles. As 

a result a good correlation between SERS intensity and concentration is difficult to 

obtain. In addition, SERS experiments performed in solution where Ag particles and 

BTA were free to move showed that the signal was significantly more unstable with time 

in comparison to the signal where BTA is attached to a static (copper) surface. 

In order to minimize these effects and to optimize signal collection, a set of 

Klarite SERS substrates composed of a pattern of gold dimples was obtained. These 

substrates feature a systematically designed nanometer scale patterning of gold-coated 

silicon surface. More details about these substrates are provided in Appendix C. 

The Klarite substrates are gold coated, hence they were tested with a 785 nm laser 

source since gold has its plasma resonance close to 785 nm. A test using pyridine diluted 

to lower concentrations with DI water was performed. Up to 105 times enhancement was 

observed on Klarite substrates with pyridine at very low concentrations, as shown in 

figure 4.63.  
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Figure 4.63. SERS spectra of pyridine at different concentrations using Klarite substrates     
(105 times enhancement at lowest concentration of pyridine).

The SERS signal appeared to be more stable when using the Klarite samples than 

when using the silver/gold particles in the dispersion. This is likely due to the limited 

mobility of the analyte and the gold dimples (SERS medium) on the Klarite substrate 

surface. Klarite samples were then applied to monitor BTA adsorption on the gold 

surface. As shown in figure 4.64, approximately thousand times enhancement was 

observed in SERS BTA spectrum when used Klarite substrate as the enhancing medium. 

The enhancement observed was not as large as in the case of pyridine. This could be due 

to strong adhesion of pyridine to gold surface which caused higher enhancement in 

comparison to BTA experiments. This constituted as a second step toward the goal of 

detecting BTA on the Cu surface.
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Figure 4.64. SERS signal from BTA on Klarite substrates (showing approximately 5000 
times enhancement).

4.5.5.4. Roughened copper surface:

As mentioned earlier, the ultimate goal of the SERS study was to generate a stable 

signal from BTA adsorbed onto the copper lines on a patterned wafer. The first step 

toward that goal was to test the feasibility of SERS detection with silver and gold 

particles. In the second step, a fixed Klarite substrate was used to obtain a more stable 

signal. The last step then consisted of testing SERS detection at the surface of copper. It 

is known that roughened copper surface can generate a SERS effect when irradiated with 

647.1 nm laser. Unfortunately, a 647.1 nm laser was not available for this study, 

however, it has been shown that SERS signal can be induced with a relatively wide range 

of wavelength on a given metal (for example 633 nm on gold). Hence the feasibility of 
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generating the SERS signal from BTA adsorbed onto a roughened copper surface was 

tested using the 785 nm laser. To that end, different chemistries were investigated to 

generate roughness on copper surfaces.

Initially, 0.5 M hydroxylamine at pH 6 was used to generate roughness on a 0.9 

µm copper-coated silicon wafer. The roughness measurements were performed using a 

profilometer. Surface roughness was found to be approximately 6 nm with 

hydroxylamine. The results were in good agreement with AFM measurements. Other 

chemistries, such as hydroxylamine mixed with BTA, were also tested. Initial and final 

roughness measurements for these various attempts are shown in Table 4.3 and 4.4. The 

roughened copper surfaces produced this way were then tested for SERS detection using 

the 785 nm laser. Unfortunately, none of copper surfaces generated using the above 

chemistries could produce any SERS signal from BTA. 

In an attempt to generate greater roughness, an overpotential of 250 mV was 

applied to the copper wafer. All samples were pre-treated with dil.HNO3 to remove the 

native oxide on the surface. Higher roughness was observed with this overpotential, as 

shown in the Table 4.5. However, despite the greater roughness generated this way, no 

enhancement could be observed when the sample was irradiated with the 785 nm laser. 

From the above results, it was concluded that a 647.1 nm laser is necessary in order to 

obtain a SERS signal from a roughened copper surface.
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Table 4.2. Initial and Final roughness values at different time intervals.

Ra (surface 
roughness)

Ra
* (Max. 

roughness)
Initial 5

7
8

5
4
5

45 sec 12
16

12
17

180 sec 22
25

28
29

300 sec 21
20

26
18

Table 4.3. Initial and final roughness values in different chemistries.

Time Ra (surface roughness)
Initial 90 sec ~ 6nm
0.5 M HDA 90 sec ~ 13nm
0.5 M HDA + 0.001 M BTA 90 sec ~ 13nm
0.5 M HDA + 0.0001 M BTA 90 sec ~ 8-9nm

Table 4.4. Roughness generated with an applied potential.

Time Ra Ra
*

0.5 M HDA at pH 6, 250mV 120 sec 55
53
48
58

62
59
51
54

0.5 M HDA at pH 6, 250mV + 0.001M BTA 120 sec 64
60
60
63

68
71
67
84
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4.6. Back End Of Line (BEOL) cleaning solutions

Hydroxylamine is a weak base, which finds use in BEOL cleaning, copper CMP 

and back side copper cleaning. A detailed investigation of the pH effect on 

hydroxylamine was presented in an earlier section. Detecting the Raman signal of 

hydroxylamine in dimethylacetamide (DMAc) is of practical interest because it is one of 

the common organic solvents used in BEOL cleaning formulations. Such a formulation 

typically contains 40% DMAc, 10% HDA, and 50% DI water. Figure 4.65 shows the 

Raman spectra of DMAc dissolved in water as well as the spectrum of a typical HDA-

DMAc-Water formulation at different pH values. The pH of these solutions was close to 

9 and adjusted to lower values using sulfuric acid. Being organic in nature, DMAc 

exhibits numerous Raman peaks such as -HCH rocking vibration (965 cm-1), –CH 

stretching (between 2900 to 3150 cm-1), -CO stretching (around 1600 cm-1), -CN (around 

2000 cm-1) stretching vibrations, etc. It may be seen in figure 4.65, that even in the 

presence of DMAc in the solution, Raman peaks from hydroxylamine can be clearly 

observed.

The natural pH of the standard HDA solution is 9.45 and consequently, HDA is 

present in its basic form as shown by the strong peak at 918 cm-1. When the pH is

adjusted using sulfuric acid, the peak height at 918 cm-1 decreases with pH while the peak 

height at 1007 cm-1 simultaneously increases as HDA converts into its protonated form. 

The transition observed in this cleaning solution (in the presence of DMAc) is identical to 

the transition observed in pure water [3.8]. This suggests that the Raman technique can be 

used to monitor the pH and the concentration of hydroxylamine in semi-aqueous 
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formulation commonly used in the semiconductor industry. Moreover, Raman spectrum 

can be acquired in a few seconds; hence this technique can be applied in-situ for real time 

monitoring of BEOL cleaning chemistry.

Figure 4.65. Raman spectra of 40% DMAc + 10% HDA (17M) + 50% DI water at 
different pH values.   

4.6.1. Hydroxylamine in Other solvents

The detection of hydroxylamine dissolved in other common solvents such as 

dimethylsulfoxide (DMSO, C2H6SO), and diglycolamine (aminoethoxyethanol, 

C4H11NO2) was also investigated. Figure 4.66 shows the variation of hydroxylamine 

concentration in diglycolamine based formulation [55% by volume diglycolamine and 

45% by volume hydroxylamine(17M)] using the –NO Raman vibration at 918 cm-1. 
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Despite a partial overlap between a peak from diglycolamine (approximately at 900 cm-1) 

and the hydroxylamine peak at 918 cm-1, proper calibration curves could be achieved, 

thereby providing a means to accurately monitor the concentration of HDA. The inset of 

figure 4.66 shows the peak intensities of 918 cm-1 peak at various concentrations of HDA 

revealing a linear correlation between the hydroxylamine concentration and the Raman 

intensity. 

Alternatively, the –NH peak at 3270 cm-1 can be utilized, which shows a similar 

linear dependence between hydroxylamine concentration and Raman intensity (figure 

4.67). Even though water has a Raman signal around 3200 cm-1 region, the strong peak 

form -NH bond in hydroxylamine can be successfully followed, in the case of 918 cm-1

peak overlapping with one of the solvent peaks.

Figure 4.66. Change in the intensity of –NO peak (918 cm-1) with HDA concentration in 
the solution of 55% DGA + 45% (17M) HDA. 
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Figure 4.67. Change in the intensity of –NH peak (3270 cm-1) with HDA concentration 
in the solution of 55% DGA + 45% (17M) HDA.

4.6.2. Temperature study

Many commercial semi-aqueous BEOL cleaning products based on 

hydroxylamine may contain up to 20% DI water by volume. These cleaning formulations 

are used at elevated temperatures, typically in the neighborhood of 70oC, and hence there 

is a risk for significant evaporation of water.  Another effect of temperature is the 

possible decomposition of hydroxylamine during prolonged use. In order to determine the 

extent of decomposition of hydroxylamine, a semi-aqueous cleaning solution containing 

hydroxylamine and diglycolamine (9:11 ratio) was used.
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Figure 4.68 and 4.69 show the effect of temperature on a solution containing 55% 

diglycolamine, 22.5% hydroxylamine, and 22.5% water. (The hydroxylamine molarity in 

the cleaning solution is calculated to be 7.65M). In order to minimize evaporation and 

detect only the effect of decomposition, the solution was heated in a closed container for 

2 hrs at 70oC and cooled down to room temperature. Raman spectra before and after 

heating were collected in the region of strong HDA signal namely 918 cm-1 and 3270 cm-

1. As can be seen in figure 4.68, a slight decrease in Raman peak height of –NO is 

observed.  Based on the concentration calibration curves shown in figure 4.45, this 

decrease in the peak intensity corresponds to a loss of approximately 5% hydroxylamine 

in the solution, changing the molarity of hydroxylamine from 7.65M to 7.27M in the 

solution. This reduction in active hydroxylamine concentration may affect the rate 

removal of etch residues.

Figure 4.68. Raman spectra of the semi-aqueous cleaning solution (55%DGA, 22.5%
and 22.5%HDA solution) showing peak at 918 cm-1, before and after heating to 70oC.
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Figure 4.69. Raman spectra of the semi-aqueous cleaning solution (55%DGA, 22.5% 
and 22.5%HDA solution) showing peak at 3250 cm-1, before and after heating to 70oC.
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5. CONCLUSIONS

The object of this research was to investigate the feasibility of using Raman 

spectroscopy to detect the transition from barrier layer to dielectric layer as well as 

changes in slurry composition during CMP. Both conventional Raman and SERS (surface 

Enhance Raman Spectroscopy) were utilized. The feasibility of these techniques was 

investigated ex-situ as well as in-situ for real time on-line monitoring of CMP processes. 

The following conclusions can be drawn from this study.

• Characterization of low-k materials can be successfully performed using Raman 

spectroscopy. Low-k materials, SiLK and CDO have a characteristic peak at 1600 

cm-1 and 2911 cm-1 respectively and can be detected even in the presence of an 

aqueous slurry layer and during abrasion. The intensity of the Raman peak varies 

linearly with the thickness of low-k film. 

• The transition from barrier layer (Ta) to dielectric (CDO) layer can be detected 

using Raman technique both ex-situ (static) and in-situ (dynamic). The obtained 

results show that the Raman technique is more sensitive than the conventional 

reflective technique in detecting the Ta to CDO transition. The only limitation of 

this technique is that it cannot be used for low-k materials that exhibit 

fluorescence.

• Monitoring the fluorescence intensity can be used as an alternative technique to 

detect the Ta to Low K transition for the family of low-k materials (CDO-I) that 

exhibit fluorescence. This technique is also proven to be more sensitive than 

reflective technique.
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• It was shown that Raman spectroscopy can be successfully used to follow the 

protonation of hydroxylamine with respect to pH by measuring the intensities of 

the unique Raman signals from amine and its protonated form.

• A correlation between the concentration and the Raman intensity of chemical 

constituents of CMP slurries such as hydrogen peroxide and hydroxylamine was 

established both ex-situ and in-situ. Accurate quantitative measurements can be 

performed by establishing concentration calibration curves using Raman peak 

intensities.

• Preliminary SERS results from this study have shown the proof of concept for the 

detection of very low concentration species in solution or on a metal surface with 

nanometer scale features. 

• The possibility of detecting and monitoring hydroxylamine species in semi-

aqueous cleaning formulations using Raman spectroscopy was demonstrated 

successfully. The Raman spectra of common solvent-based hydroxylamine 

chemistries such as Dimethylacetamide, Demethylsulfoxide, and Diglycolamine 

show that there is minimal overlap between the solvent and HDA signals. This 

offers the possibility of monitoring the chemistry of HDA in-situ in BEOL wet 

cleaning solutions in real time.
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Appendix: A

Fluorescence phenomenon:

In the fluorescence phenomenon, the species undergoes an electronic excitation through 

absorption of a visible photon. The excited species can then thermally decay into a lower 

vibrational state before radiatively decaying back into its ground electronic state. A 

schematic of this phenomenon is shown in figure 4.72. Typical fluorescence peaks are 

very broad compared to Raman and FTIR peaks, as the excited electrons can drop down 

from and into various vibrational levels of an electronic state.

The fluorescence phenomenon is not desirable while performing in-situ

experiments as it would overwhelm the desired Raman signal from the CDO sample. This 

is not a limiting issue as it can be avoided by using a longer wavelength laser. The energy 

of the longer wavelength laser would not be sufficient to excite the ground state electrons 

to higher electronic states. This was investigated by exciting the CDO-I sample with 

different wavelength lasers such as 514.5nm, 632.8 nm, and 785 nm. We observed the 

fluorescence phenomenon with the 514.5 nm and 632.8 nm lasers but not with the 785 

nm laser.

Ground State

Excited state

Ground State

Excited state

Figure 4.70. Schematic of fluorescence 
phenomenon.
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Appendix B

Effect of nanoparticles size on SERS signal:

In SERS, as mentioned earlier, the signal enhancement largely depends on the 

size of the nanoparticles. This was studied by collecting the absorption spectra of two 

different sized silver particle dispersions: 20 nm and 60 nm. It was observed that the 

absorption peak broadens and shifts to longer wavelengths as the size increases. Figure 

4.73 clearly shows that the bigger size (60 nm) particles have an absorption peak centered 

at approximately 450 nm, whereas 20 nm-size particles have an absorption peak centered 

at approximately 400 nm. This result is in complete agreement with the study performed 

on gold colloids by Doremus [3.6]. As shown in figure 4.74, the absorption of particles 

with sizes between 2.6 nm to 10 nm is sharp and independent of size. For colloids greater 

than 10 nm, the absorption peak broadens and shifts to longer wavelengths. 

Figure 4.71. Effect of the size of the particle on the position of absorption peak.
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Figure 4.72. Optical absorption of glasses containing Au colloids of different sizes [3.6].
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Appendix C

Klarite SERS substrates:

Klarite substrates composed of a pattern of gold dimples that periodically 

arranged on Si substrate. These substrates were proven to be very effective when used 

with pyridine as an analyte. The Klarite manufacturer’s specifications report that 

approximately a million times enhancement can be observed. A schematic of the gold-

coated silicon surface is shown in figure 4.75 and the device parameters are shown in 

figure 4.76.

 

 Figure 4.73. Schematic of Klarite substrate.

Figure 4.74. Device parameters of Klarite substrate.
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