
Chemical Mechanical Polishing | Encyclopedia.pub

https://encyclopedia.pub/entry/44755 1/10

(1)

(2)

Chemical Mechanical Polishing
Subjects: Engineering, Manufacturing

Contributor: Zhichao Geng , Ning Huang , Marco Castelli , Fengzhou Fang

Polishing is a process of creating a smooth and scratchless surface by using mechanical, chemical, and

electrochemical approaches for reducing surface roughness and enhancing the workpiece’s strength. Roughness

directly determines the surface functional performance, and it is usually handled in the final process of machining,

namely polishing.
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1. Introduction

Polishing is a process of creating a smooth and scratchless surface by using mechanical, chemical, and

electrochemical approaches for reducing surface roughness and enhancing the workpiece’s strength .

Roughness directly determines the surface functional performance, and it is usually handled in the final process of

machining, namely polishing.

The origins of polishing date to the Stone Age. Sandstones were utilized as polished stones as early as 4800~4600

BC . Since then, polishing has evolved through four distinct eras, distinguished by the roughness scale that each

polishing approach can achieve:

 Era without roughness standard: telescopes and spectacles were invented during the renaissance. Although

there was no standard for roughness at that time, as early as 1634, it was already realized that polishing was

not just cleaning the glass, but reducing the roughness, such as the cloth is shaved by the cropper . The

manufacture of lenses, prisms, and mirrors laid the groundwork for the development of polishing technology. In

the 19th century, the “trial and error” production method is common to fabricate microscopes. Carl Zeiss and

Ernst Abbe introduced diffraction limit, Abbe number and measured Abbe error to measurements, which led to a

qualitative change in microscope polishing technology .

  Sub-micro scale era: after the second industrial revolution, optical theory and measuring technologies have

propelled polishing into the era of standardization. The first roughness standard, ASA B46.1, was issued in

1940. Hereafter, roughness down to 9 µin in Ra (0.23 μm)  and 30 µin in RMS (0.76 μm)  were realized for

rubberized seal and cast dental gold alloy, respectively. In this period, µin is a common unit for evaluating

roughness and the highest precision of roughness in polishing was considered to be 0.5~5 µin . It should be

noted that Ra and Rz were not used as roughness parameters in the mid-twentieth century. Instead, they used

h  and h , where h  is similar to Ra and h  is similar to Rz.
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 Nanometre scale era: in the second half of the 20th century, the invention of precision polishing technologies

including chemical mechanical polishing (CMP), ion beam figuring (IBF), magnetorheological finishing (MRF),

fluid jet polishing (FJP), and bonnet polishing (BP) allowed the roughness achieved by polishing to reach the

nanometre scale, achieving 3.4 nm in Ra for diamond , 2 nm in R  for metal mirror surfaces made from

Cu/Al alloys , and 1.6 nm in RMS for BK7 .

 Atomic and close-to-atomic scale (ACS) era: the maturation of computer numerical control (CNC) technology

and the diversification of measurement techniques have led to a quantum jump in polishing technology at the

sub-nanometer scale. Roughness values of 0.5 nm in RMS for tungsten , 0.5 nm in Ra for silicon nitride ,

and 0.15 nm in RMS for polysilicon  were realized. The sub-nanometer roughness indicates an upgrade from

precision polishing to what may be defined as “ultra-precision” polishing and entered the era of ACS .

Polishing at ACS is defined as a series of methods to realize surface roughness in Ångström level, where the

material removal mechanisms are established by quantum mechanics. Using current polishing procedures,

roughness in Ångström level represents the highest level of surface finish achievable.

The chart of machining accuracy over time proposed by Taniguchi in 1983  is now verified in practice . Atomic

and close-to-atomic scale manufacturing (ACSM) is the next generation of manufacturing technology and will be

the leading trend in developing Manufacturing III . Roughness in Ångström level is not only essential, but more

importantly, achievable through polishing at ACS . For instance, substrates mounted in ring laser gyroscopes are

required to have a surface with a roughness of 0.5 nm in Ra . For a hard X-ray system, 0.2 nm in RMS is

required for mirrors . In the field of ultraviolet lithography, 0.3 nm in RMS  and 0.15 nm in RMS  are

needed by the lens. The roughness of a PC hard disc must be less than 0.05 nm in Ra to achieve a storage

density larger than 500~1000 Gb/in  .

The above examples indicate how the demands for polishing at ACS have become increasingly stringent , with

the development of information technology , laser technology , optical industry , electronic power

devices , and physical sciences .

2. Chemical Modification Polishing Approaches

2.1. Chemical Mechanical Polishing

Robert introduced CMP to polish semiconductor materials in 1965 . The International Business Machines

Corporation (IBM) began utilizing CMP technology in dynamic random access memory manufacturing in 1988 .

Since then, IBM  and other researchers have investigated and progressed CMP technology continuously.

2.1.1. Removal Mechanism

CMP is a technique for atomic-level removal. The chemical reaction of the polishing slurry and the mechanical

interaction of the abrasive are combined to remove material . The workpiece is fixed on the polishing
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workhead spindle and loaded downward against the polishing pad. Both the polishing head and pad are driven by

servo motors with adjustable speed. The chemical action of the polishing slurry softens a thin layer on the

workpiece surface, which is subsequently removed by the mechanical interaction of upcoming abrasives to obtain

an ultra-smooth surface , as shown in Figure 1.

Figure 1. The schematic diagram of CMP .

The removal mechanism of CMP was studied from the following three aspects, including chemical reaction,

mechanical interaction, and edge effect.

(1) The chemical reaction modifies the surface material of the workpiece to facilitate subsequent mechanical

removal. In the early 1990s, Cook  proposed the chemical bonding removal model. It describes how abrasive

atoms/molecules interact with workpiece atoms/molecules to form chemical bonds. Based on the chemical bonding

removal model, the chemical modification of Si was analyzed using molecular dynamics. For instance, when CeO

was used as the abrasives, a Ce-O-Si bridging bond formed at the interface between workpiece and abrasive

particle. This condition causes instability of the pyramidal structure of the material, thus breaking the original Si-O

bond . This instability of the bridging bonds on the workpiece surface provides the basis for removal by

subsequent mechanical interaction.

(2) Mechanical interaction removes the material directly after chemical modification.

(3) The fluid floating and tool roll-off effect influences P in Preston equation. Although the erosion effect of the

polishing fluid on the polished material is almost negligible , based on the Reynolds equation , fluid pressure

affects the hydrodynamic lubrication properties of the slurry and the dynamic balance in CMP . During the

polishing process, the fluid floating effect caused by the hydrodynamics lifts the workpiece leading edge up. As a

result, there is negative pressure at the edge of the workpiece . Tool roll-off effect refers to the fact that as

polishing pad progressively hangs over the edge of the workpiece, the pressure naturally diminishes due to the

smaller and smaller contact area. This edge effect deteriorates the form accuracy of the workpiece.
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According to the removal mechanism in CMP, both mechanical and chemical action play an equally crucial role in

achieving material removal. Maintaining the balance between these two actions is the key to obtaining sub-

nanometer roughness.

2.1.2. Chemical Reaction Factors

The recipe of the CMP slurry determines the process and rate of chemical reactions. Typically, the recipe includes

abrasive particles, oxidizers, surfactants, and deionized (DI) water . Material removal is mostly determined by

the type of abrasive particles.

The chemical reactions between the polishing slurry and the workpiece are determined by the surface charges. As

a result, the material removal rate and roughness are determined by the acidity or alkalinity of the slurry . For

instance, the removal of Si was shown to be highest under alkaline conditions, as the OH termination increases

with solution pH and strong polarization weakens Si–Si back bonds . Acid slurries, instead, have been shown to

reduce roughness while polishing tungsten alloy. For example, citric acid-based slurry balances mechanical and

chemical processes and prevents grain boundary steps from developing, thus offering a superior surface finish .

Li et al.  used acid colloidal silica to obtain sub-nanometer roughness for YAG crystal, showing that the acidic

slurry facilitates chemical reactions and the elimination of surface scratches or damages. From this exploration,

one can conclude that to obtain sub-nanometer roughness, the optimal pH of polishing slurry needs to be explored

depending on the workpiece material.

2.1.3. Mechanical Interaction Factors

Mechanical interaction ultimately removes the material, also influencing the surface roughness. The mechanical

abrasive process in CMP is divided into two-body abrasion and three-body abrasion. Under two-body abrasion,

particles are trapped in the polishing pad, while the hard protuberances slide on the workpiece surfaces. Under the

three-body abrasion model, abrasive particles are free to roll and slide . Experiment  and simulation 

showed that the material removal rate in three-body abrasion is one order of magnitude less than that for two-body

abrasion. 

Pressure has a direct impact on roughness when polishing single-crystal diamond (SCD). If there is only

mechanical interaction without chemical reaction to modify the top of the workpiece surface, this polishing is called

mechanical polishing. Unlike mechanical polishing, which requires considerable pressure to achieve material

removal , CMP can polish high-hardness materials with ACS precision at atmospheric pressure.

2.1.4. Characteristics

By combining chemical and mechanical actions, CMP can produce ultra-smooth surfaces with greater precision

than machining equipment, as shown in Table 1.

Table 1. The ultimate roughness achieved with CMP for different materials.
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It is noted that CMP has encountered difficulties such as:

While softening the workpiece surface, the polishing slurry also has a corrosive effect on the polishing pads,

resulting in more frequent replacement of polishing pads and higher costs.

During the polishing of metals, the workpiece is easily scratched by the abrasive grains due to the low hardness,

making it difficult to achieve sub-nanometer roughness . Trial and error are inevitable to find an

appropriate slurry recipe when CMP is applied to new metal material.

Low contact pressure is necessary to achieve low roughness, but unavoidably affects removal efficiency. As

loose abrasive particles rarely slide on the workpiece surface under low contact pressure, they spend about

90% of their time rolling according to the three-body abrasion mode .

The workpiece roughness under three-body abrasion is sensitive to the abrasive size. When the abrasive size is

not uniform, the mechanical material removal is carried out by a small number of large abrasives, probably

resulting in the formation of scratches, pits, and other damage.
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