
Vol.:(0123456789)

International Journal of Precision Engineering and Manufacturing-Green Technology (2022) 9:349–367 
https://doi.org/10.1007/s40684-021-00406-8

1 3

REVIEW

Approaches to Sustainability in Chemical Mechanical Polishing (CMP): 
A Review

Hyunseop Lee1  · Hyoungjae Kim2 · Haedo Jeong3

Received: 20 May 2021 / Revised: 9 September 2021 / Accepted: 6 November 2021 / Published online: 26 November 2021 
© Korean Society for Precision Engineering 2021

Abstract
Chemical mechanical polishing (CMP) is an essential planarization process for semiconductor manufacturing. The applica-
tion of CMP has been increasing in semiconductor fabrication for highly integrated devices. Recently, environmental burden 
caused by the CMP process was assessed because of interest in the global environment. In this study, the previously reported 
impacts of CMP on the environment and studies conducted on developing various methods to reduce environmental burden 
are reviewed. In addition to analyzing the impacts of CMP, this paper introduces a method for treating CMP wastewater 
and improving the material removal efficiency through the improvement of CMP consumables. Finally, the authors review 
research on hybridization of the CMP process and discuss the direction in which CMP technology will progress to improve 
sustainability in the future.

Keywords Chemical mechanical polishing (CMP) · Sustainability · Slurry · Polishing pad · Hybrid CMP system

1 Introduction

Chemical mechanical polishing (CMP) uses chemical reac-
tions and mechanical forces for material removal [1–3]. 
Although CMP is a planarization method that uses parti-
cles that can cause killer deflect such as a scratch, it has the 
longest planarization length, compared to existing planari-
zation processes, making it essential for device fabrication. 
The basic mechanism of the CMP process is the mechani-
cal removal of the chemically softened material surface [4, 
5]. Figure 1 shows a schematic of the CMP process and 
material removal mechanism. The wafer and polishing pad 
are attached underside of the carrier and on the platen, 

respectively. A slurry containing abrasive particles and 
chemicals is supplied over the polishing pad. The polish-
ing head presses the wafer on the pad’s surface. The wafer 
and polishing pad are rotated counterclockwise, as a result 
of which the slurry enters the interface between them. Pad 
conditioning is performed using a diamond disk to clean and 
control the pad surface [6].

CMP is used for global planarization of surfaces in semi-
conductor manufacturing, such as shallow wrench (STI) iso-
lation [7, 8], planarization of inter-layer dielectric (ILD) [9], 
formation of tungsten (W) contact [10, 11], and formation of 
metal wiring [12]. The associated market is growing signifi-
cantly as the demand for faster and better electronic equip-
ment such as smartphones and artificial intelligence devices, 
increases. The main factors contributing to the evaluation 
[13] of the CMP results are as follows.

(a) Material removal rate (MRR)
(b) Within-wafer non-uniformity (WIWNU)
(c) Wafer-to-wafer non-uniformity (WTWNU)
(d) Chemical and physical defects

For a long time, CMP engineers and users have been 
working to obtain uniform and high MRRs and defect-free 
surfaces for planarizing various materials. Lee and Sung 
[14] summarized the research topics related to CMP over the 
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last 5 years in Elsevier DB and Springer DB (243 papers in 
64 journals) (Fig. 2). Of the total studies, about 71.2% of the 
studies are on process analysis and chemical and mechani-
cal effects, and most of the studies consist of understanding 
the mechanisms of material removal and improving CMP 
efficiency. However, recent changes in global climate envi-
ronment has increased the interest in sustainability of the 
semiconductor and CMP industries. Academics are also con-
ducting research on various methods to assess the impact 
of semiconductor processes on the environment and reduce 
the environmental burden. Further, the interest in improving 
process efficiency for reducing energy consumption in the 
semiconductor processes is increasing.

In this paper, we review the impacts of the CMP process 
on the environment and various research results to improve 
sustainability and discuss the future of CMP technology 
development. This paper analyzes the environmental impact 
of the CMP process and summarizes the development of 

CMP slurry and slurry injection systems, abrasive pads, and 
the hybridization of the CMP process.

2  Environmental Burden Caused by CMP

Efforts have been made in the semiconductor industry to 
reduce greenhouse gase (GHG) emissions since the ratifi-
cation of the Kyoto Protocol in 2005. To reduce the emis-
sion of GHGs in semiconductor processes, researches on 
the environmental impact of unit processes are needed. 
Although there have been various studies on the environ-
mental burden caused by semiconductor production, studies 
on the environmental burden caused by the CMP process 
are limited. In the CMP and Post-CMP cleaning processes, 
various chemical solutions and materials are used as con-
sumables for slurry, cleaning solution, polishing pad, con-
ditioner, etc. CMP consumables are manufactured from raw 

Fig. 1  Schematic of CMP process and material removal mechanism

Fig. 2  CMP research topics and papers published in major academic journals (Redrawn and modified figures of reference 14) [14]
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materials and transported to chipmakers through various 
means of transportation. Consumables for CMP are supplied 
from manufacturers to semiconductor fab, most of which 
cannot be reused after CMP. Water and electricity are used 
in the production of consumables and semiconductor chips. 
In particular, the CMP process is known to use a significant 
amount of water in the semiconductor industry. Figure 3 
shows the schematic of materials and energy flow for CMP 
and CMP consumable.

In the study of life cycle assessment (LCA) in semicon-
ductor production, analyzing the CMP process is primarily 
concerned with electric energy consumption and ultrapure 
water (UPW) consumption. Krishnan et al. [15] assessed the 
environmental impacts caused by the interconnect process 
of fabricating a logic device (130 nm node with eight lay-
ers of copper wiring) using environmental toxicology and 
chemistry (SETAC) and economic input–output LCA (EIO-
LCA) [16]. They evaluated that CMP uses a large amount of 
facility water and generates abundant liquid waste. In their 
study, the overall energy consumption in the semiconduc-
tor process, excluding infrastructure, was assessed at 406 
kWh/wafer. However, they did not report the environmental 
burden caused by the CMP process.

Murphy et al. [17] reported the power requirements for 
semiconductor fabrication. In their study, the power require-
ment for the CMP process in microprocessor wafer fab was 
29 kW during the process and 8 kW when idle. In the manu-
facturing process of eight- and six-layer metal microproces-
sors, CMP is applied 18 times and 14 times, respectively, 

and one wafer per run and 25 wafers per hour are processed. 
In the semiconductor manufacturing process using 200 mm 
wafers, the eight- and six-metal layer devices require 406 
kWh/wafer and 336 kWh/wafer of energy, respectively. 
Although their research does not provide an accurate value 
of the energy required for CMP, their report indicates that 
approximately 20 kWh/wafer would be sufficient. Their 
research did not consider the energy required for infrastruc-
ture, but showed that CMP accounts for approximately 5–6% 
of the total energy requirement for the semiconductor pro-
cess. According to Krishnan’s research [18], considering the 
energy required for the facilities relating to semiconductor 
production, the energy consumed by the CMP is less than 
1% of the total energy requirement. According to research 
results, the energy consumption of CMP in semiconduc-
tor processes has various results depending on the type of 
chips applied, the number of CMP processes, and the area 
of production.

However, as CMP uses a large amount of water and slurry 
containing chemicals, various elements that are consumed 
during the CMP process must be considered to assess the 
environmental burden. In particular, CMP accounts for 
approximately 40% of water consumption in the semicon-
ductor industry [19, 20]. In addition, CMP generates 30–50 
L of waste slurry per 200 mm wafer [19, 21]. After CMP, 
the wastewater containing water, various chemicals, and 
slurry particles is disposed of after removing the particles 
through electrodecantation and electrocoagulation. Details 
of the CMP wastewater treatment are described in Chapter 3. 

Fig. 3  Schematic of materials and energy flow for CMP and CMP consumable
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Lee et al. [22] studied the environmental burden caused by 
CMP, including the effects of using electrical energy, UPW, 
and slurry in the  SiO2 CMP process. They considered the 
various steps in the CMP process, such as idling, condition-
ing, getting, wafer loading, head dropping, polishing, rins-
ing, and wafer loading, and measured the electrical energy, 
slurry, and UPW consumption used for each step (Fig. 4). 
Reportedly, under the same pressure condition, the power 
demand (kW) increases linearly with an increase in the rela-
tive velocity, showing a linear relationship with the MRR. 
The GHG emission index for electricity used in South Korea 
[23] was used to convert the electric energy consumption 
into GHG emissions, such as  CO2,  CH4,  N2O, and carbon 
dioxide equivalent (CDE,  CO2-eq). In addition, the equiva-
lent  CO2 generation for the gases generated by  SiO2 CMP 
was calculated by removing the film of the target thickness 
using the electrical energy consumption measured through 
the experiment and carbon intensity of UPW purification 
and slurry reported in the existing study, as shown in Fig. 5. 
According to Passmann and Joergensen [24], UPW purifica-
tion requires 0.022 Wh/ml of electrical energy. According to 
the chemical LCA data source provided by Boyd et al. [25], 
referring to Kim and Overcash's gate-to-gate LCA [26], the 
CDE generated while using the oxide CMP slurry is 0.2704 
 gCO2-eq/ml.

Lee et al. [27] proposed a mathematical model-based 
evaluation methodology to develop a CMP model based on 
the mechanical contact [28] and kinematic models [29, 30] 
for analyzing the environmental burden caused by CMP. 
They classified the consumables in the CMP as long lifes-
pan CMP countable and short lifespan CMP countable and 
defined them as follows.

(a) Long lifespan CMP consumables: consumables that are 
replaced after using for a certain period in the CMP 

process, such as polishing pads, conditioners, retaining 
rings, and backing films.

(b) Short lifespan CMP consumables: consumables that 
are discarded after being used only one time in a CMP 
process, such as CMP slurry and UPW.

Lee et al. [27] proposed the environmental burden assess-
ment method to obtain the process time required to remove 
the targeted film thickness through the MRR model. Then, 
the electrical energy consumption, slurry consumption, and 
UPW consumption during the process time are calculated 
and converted to CDE (Fig. 6). In their study, the environ-
mental burden caused by CMP may have been underesti-
mated compared to that measured in the industry because 
they used a CMP machine with a single platen (CMP 
machine for R&D).

Previous studies have shown that the use of slurry in CMP 
must be reduced to decrease the significant environmental 
burden caused by it. However, the chemical composition of 
CMP slurry depends on the material to be removed, which 
changes the environmental burden depending on the slurry 
component. Few studies have reported on the environmental 
burden caused by changes in the slurry components. Lee 
[31] assessed the environmental burden caused by CMPs 
when hydrogen peroxide  (H2O2), citric acid  (C6H8O7), ben-
zotriazole (BTA;  C6H5N3), and abrasive particle concentra-
tion change in copper CMP slurry. They used  H2O2 as an 
oxidizer, citric acid as a chelating agent, and BTA as a cor-
rosion inhibitor. They evaluated the CDE of CMP based on 
the following expression [31].

where CDEe refers to the CDEs of electric energy consump-
tion, including the pad conditioning and polishing steps. 

(1)CDEcycle = CDE
e
+ CDE

s
+ CDE

U
+ CDE

etc

Fig. 4  Power input at CMP polisher main connection over process 
time and operation steps (Redrawn and modified figures of reference 
22) [22]

Fig. 5  Equivalent GHG emissions associated with electric energy and 
consumable consumptions as a function of PV (Redrawn and modi-
fied figures of reference 22) [22]
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CDEs refers to the CDEs during wetting and polishing. 
CDEU denotes CDEs during idling, pad conditioning, and 
rinsing. CDEetc represents CDEs of long lifespan consuma-
bles, and Lee’s research assumed that its effect is negligible. 
In the study, the carbon intensities of UPW,  H2O2, citric 
acid, BTA, and abrasive particle were 0.0104  gCO2-eq/g, 
1.0  gCO2-eq/g, 0.26  gCO2-eq/g, 1.4  gCO2-eq/g, and 0.26 
 gCO2-eq/g, respectively. According to Lee's study, the BTA 
used as the corrosion inhibitor exhibited the greatest envi-
ronmental burden, followed by  H2O2 and abrasive particles, 
while citric acid caused the lowest environmental burden. 
These results show that oxidizer, complexing agent, and 
abrasive reduce processing time by increasing material 
removal rates, but BTA prevents excessive etching of the 
lower area of the pattern in the pattern CMP, thereby increas-
ing planarization efficiency. Therefore, it is desirable to bal-
ance environmental burdens and productivity by properly 
adjusting the concentration within the slurry. Zhang et al. 
[32] introduced  H2O2, malic, and citric acid-based slurry for 
environment-friendly CMP for mercury cadmium telluride 
(MCT) semiconductors. Therefore, extractable acids from 
fruits may help reduce the environmental burden caused by 
using slurry in CMP.

3  CMP Wastewater Treatment

CMP wastewater is produced during CMP and post-CMP 
cleaning processes. Therefore, CMP wastewater includes 
abrasive particles and chemicals used in CMP slurry and 
post-CMP cleaning. For example, abrasive particles, such 
as silica  (SiO2), alumina  (Al2O3), magnesia  (MnO2), ceria 
 (CeO2), and zirconia  (ZrO2), including oxidizers for metal 
CMPs, such as  H2O2,  CuSO2, and  KMnO4, may be included 
in CMP wastewater [33, 34]. Chemical agents, such as sur-
factants, buffing agents, complexing (or chelating) agents, 
and corrosion inhibitors, are also included in wastewater [33, 
34]. According to Lo’s study [21] and previous studies on 
CMP [2, 33–42], CMP and post-CMP cleaning wastewa-
ter contains various chemicals and materials, as listed in 
Table 1.

Nanomaterials (NMs) of  SiO2,  CeO2, and  Al2O3 are used 
in liquid slurries for numerous industrial applications, such 
as CMP processes, and used multiple times during the pro-
duction of computer chips. These NMs are dispersed into 
CMP slurry, used once and released into the sewer. The 
global production of these three NM CMP slurry materials 
exceeds 5000 ton per year, making them one of the high-
est in global nanomaterial production. [43]. Among them, 
 CeO2 nanoparticles market is projected to reach USD 630.2 

Fig. 6  Mathematical model-
based evaluation methodology 
proposed by Lee et al. [27] for 
environmental burden caused by 
CMP (Redrawn and modified 
figures of reference 27)

Table 1  Chemicals and 
materials in CMP and post-
CMP cleaning wastewater [24]

Classification Chemicals or materials References

Abrasives SiO2,  Al2O3,  CeO2,  MnO2,  ZrO2,  TiO2 [21, 33–35]
pH buffer solutions KOH,  NH4OH,  HNO3 or organic acids [21]
Oxidants H2O2, Fe(NO3)3,  KIO3, Fe(KCN)3,  KMnO4,  CuSO2 [21, 33–35]
Etching materials SiO2, W, Al, Cu, Na, K, Ni, Fe, Zn [21]
Other agents Surfactants, chelating agents, corrosion inhibitors [2, 21, 36–42]
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Million by 2022 from USD 259.7 Million in 2017, at a com-
pound annual growth rate (CAGR) of 19.4% from 2017 to 
2022 [44]. Therefore, CMP wastewater can be seen as a 
major source of NM in sewer systems, and eventually in 
the environment. From the CMP application, approximately 
5% of the  CeO2 mass may reach in the natural environment.

The on-site industrial treatments include precipitation of 
metals or sorption of pollutants onto the precipitated materi-
als. Precipitated materials are gravitationally settled and dis-
posed of in landfills, as shown in Fig. 7. The materials that 
are not removed are discharged into municipal sewer sys-
tems, and they enter municipal wastewater treatment plants 
that often use biological treatments designed to remove the 
nutrients (carbon, nitrogen, and phosphorous), but are also 
capable of removing the nanomaterials [43].

To satisfy the national and domestic regulations of the 
semiconductor industry, CMP wastewater must be properly 
treated for environmental safety. For example, Taiwan recy-
cles 80% of the water used in IC factories [45]. The CMP 
wastewater treatment process is divided into two main cat-
egories [21].

(a) Combination of chemical coagulation and advanced 
treatment: gravity sedimentation, membrane filtration 
and dissolved air flotation after chemical coagulation 
(pretreatment).

(b) Direct use of filtration and electrocoagulation: ultra-
filtration, electrocoagulation /electrodecantation, or 
microfiltration using an external electric field.

Gravity sedimentation uses the gravitational force to 
separate solid and liquid in the CMP wastewater. Lo and 
Lo [21] introduced a ceramic filtration method combined 
with chemical coagulation pretreatment. Liu et al. [46] 
studied a dissolved air flotation (DAF) of CMP wastewa-
ter, and their proposed treatment system was able to fin-
ish the floatation reaction in less than 5 min. Tsai et al. 
[47] proposed a coagulation process for CMP wastewater 

using nanobubbles, with a 10–20% recycle ratio of CMP 
wastewater within 1 h of hydraulic retention time. Lien and 
Liu [48] treated CMP wastewater by using a dispersed air 
flotation (DiAF). They demonstrated that they could effec-
tively remove particles from the wastewater by using a 
collector of cationic surfactant, cetyltrimenthyl ammonium 
bromide (CTAB) in DiAF process. However, it is neces-
sary to remove additional surfactants within the wastewa-
ter and the high turbidity is a disadvantage. Lin and Yang 
[49] utilized chemical coagulation and reverse osmosis 
(RO) with a microfilter for removing oxide particles and 
inorganic/organic pollutants.

One of the efficient ways to remove particles from CMP 
wastewater is by filtration using membrane. Browne et al. 
[50] showed that the oxide particles suspended in the CMP 
wastewater could be remove with an ultrafiltration (UF) 
method. Juang et al. [51] used UF and RO separation method 
at the same time, and they were able to eliminate 99% of 
fine particles through UF pretreatment. Sanusi et al. [52] 
recycled spent tungsten CMP slurry using various ultrafiltra-
tion membranes such as polysulfone (PS), polyethersulfone 
(PES), and polyvinylidene fluoride (PVDE).

Electrocoagulation (EC) is one of the most efficient 
and inexpensive technologies that can increase turbid-
ity of wastewater by removing particles from wastewater 
[53–56]. Belongia et al. [57] showed that alumina and silica 
particles of 200 nm in diameter could be precipitated from 
suspension. Den and Huang [58] proved that nano-sized sil-
ica particles can be removed from CMP wastewater using 
continuous-flow EC processes with vertical-channels. Lai 
and Lin [59] said the use of Al and Fe as anode and cathode 
in the EC process of CMP wastewater would be advanta-
geous for Cu removal and turbidity reduction. They then 
used the electrocoagulation system to study the sludge set-
ting characteristics in Cu CMP wastewater [60]. Drouiche 
et al. [61] showed that oxide particles, fluoride and sulfate 
ions contained in CMP wastewater from photovoltaic wafer 
manufacturer can be removed through EC.

Fig. 7   Source and treatment of CMP nanomaterials used in the semiconductor industry (Redrawn and modified figures of reference 46) [43]
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Electrodecantation (ED) is a separation and purification 
method of colloidal dispersions based on electrophoretic 
migration of colloids. Stamberger [62] used a ED method 
to purify and concentrate colloidal dispersions. He showed 
that ED is one of the ways to efficiently remove small par-
ticles from wastewater. Belongia et al. [57]. used electrode-
cantation and electrocoagulation simultaneously to remove 
alumina and silica particles.

Some researchers have proposed an electro-microfiltra-
tion method to increase the efficiency of microfiltration for 
CMP wastewater. Weigert et al. [63] studied a crossflow 
electrofiltration using a polyamide membrane and were 
able to significantly increase specific permeate rate com-
pared to microfiltration without electric filed. Sung et al. 
[64] used a Gortex™ (Maryland, USA) membrane for the 
electrofiltration of alumina and silica colloids. Yang et al. 
[65–67] conducted a series of studies that applied crossflow 
electrofiltration to the treatment of CMP wastewater. They 
proposed an electrically enhanced crossflow microfiltration 
(EECMF) method [65], electrofiltration/electrodialysis pro-
cess [65], and tubular  TiO2/Al2O3 composite membranes 
[67] for treating CMP wastewater.

CMP wastewater treatment systems include collection, 
pH adjustment, oxidizer removal, organics removal, sus-
pended solid treatment, and trace metal removal [68]. The 
water separated from the CMP wastewater is recycled for 
reuse. However, research on the reuse of abrasive particles 
separated from CMP wastewater is not well known. Lee 
et al. [69] recycled CMP abrasive particles as a resource 
in concrete. They compared cylindrical specimens of CMP 
sludge-blended cement concrete (SBCC) with ordinary Port-
land cement concrete (OPCC) specimens. Their research 
shows the possibility of replacing some of the cement with 
CMP sludge, and provides a good example of recycling abra-
sive particles in CMP wastewater.

4  Challenges for CMP Slurry and Slurry 
Injection System

Owing to the nature of CMP applied to semiconductor pro-
cesses that require high reliability, the reuse or recycling of 
slurries has not been successful until now. Considering the 
trend that the gate size shrinks from several tens of nanom-
eters to several nanometers in future, the lack of guarantee of 
the integrity of CMP results can make it difficult to reuse the 
slurry. The number of CMP process steps and the amount of 
slurry used are expected to increase in future. To reduce the 
total amount of slurry used, it is necessary to optimize the 
amount of slurry used in the individual CMP process steps.

As the slurry consists of a mixture of abrasives and the 
solution, considering the amount of  CO2 generated during 
the production and disposal of particles, it is beneficial for 

the environment to use a slurry with a low abrasive con-
centration or an abrasive-free slurry even with the same 
amount of slurry used [70]. Additionally, considering that 
the amount of slurry used is proportional to the product 
of flow rate and polishing time, the total amount used can 
be reduced by completing the given CMP process within 
the minimum time at the optimum flow rate. The methods 
proposed in studies for reducing the environmental burden 
caused by the use of slurry in the CMP field are classified 
as follows.

(a) Increasing MRR by strengthening the chemical reaction 
[71] and mechanical material removal

(b) Reducing abrasive concentration or using an abrasive-
free slurry

(c) Minimizing additional polishing time by improving the 
uniformity of polishing

(d) Increasing slurry participation in material removal 
using a slurry injection system

However, there is a limit to reducing the environmen-
tal burden caused by CMP by increasing the MRR through 
changes in slurry components. Changes in the slurry com-
ponents should be determined by considering the environ-
mental burden caused by the use of the slurry itself and 
the reduction in processing time owing to the increase in 
MRR. Mixed-abrasive CMP methods have been introduced 
to increase mechanical material removal by simultaneously 
using different types of abrasives, such as  SiO2,  Al2O3, 
 CeO2,  ZrO2,  TiO2, and  MnO2. Jindal et al. [72] has shown 
that without adding any chemical additives, mixed abra-
sive slurry (MAS) composed of  Al2O3 and  SiO2 particles 
can achieve higher MRR and more desirable Cu/Ta/SiO2 
selectivity. Seo and Lee [73] found that  SiO2–TiO2 MAS is 
more efficient in terms of reducing the surface roughness of 
 Ba0.6Sr0.4TiO3 (BST) compared to  SiO2,  Al2O3, and  TiO2 
single abrasive slurry for BST. Park et al. [74] diluted KOH-
based fumed silica slurry in  SiO2 CMP at a ratio of 1:10 
with DIW and added  ZrO2 particles to the slurry to inves-
tigate the effect of  ZrO2 concentration and dispersion time 
on the CMP results. Lee and Jeong [75] proposed an MAS 
for mixing two KOH-based colloidal slurries with different 
particle sizes. They used colloidal silica particles with 30 nm 
and 70 nm diameters with 30 wt% abrasive concentration, 
indicating the highest MRR when diluted at 2:1 ratio. In 
addition, MAS using two  SiO2 heterogeneous particles of 
different shapes has been reported [76, 77]. MAS consisting 
of  CeO2 and  SiO2 has also been studied for  SiO2 CMP and 
has been reported to be capable of obtaining a higher MRR 
than a single abrasive slurry (SAS) [78, 79]. Lee et al. [80] 
proposed MAS for SiC CMP using nanodiamond and col-
loidal silica particles and improved the MRR using diamond 
and surface roughness using soft silica particles. Table 2 



356 International Journal of Precision Engineering and Manufacturing-Green Technology (2022) 9:349–367

1 3

presents the details of previous CMP studies on MAS and 
target materials. Figure 8 shows the mechanism on MAS 
CMP. The previously introduced mechanisms of MAS CMP 
are as follows.

(a) Large particles are coated with small particles by the 
charge difference between the particles (Fig. 7a) [72].

(b) Large and small particles participate in material 
removal independently; large particles serve the func-
tion of material removal, and small particles cause 
improvement in the surface roughness (Fig. 7b) [75].

In CMP, the abrasive particles play a role in increasing 
the MRR; however, they sometimes cause defects, such as 
scratches. Abrasive particles from natural resources are 
becoming increasingly depleted. Therefore, from an environ-
mental perspective, there is a growing interest in abrasive-
free CMP (AF-CMP). It is known that AF-CMP can improve 
CMP productivity by reducing scratches as the abrasive par-
ticles after CMP do not remain on the surface of the wafer; 
the post-CMP cleaning process is convenient and can reduce 
dishing and erosion defects [81–83]. Research on AF-CMP 
has focused on metal CMP, which largely relies on chemi-
cal reactions instead of mechanical material removal. Ram-
akrishnan et al. [84] compared dicarboxylic acids, such as 
oxalic acid, malonic acid, succinic acid, and glutaric acid, 

used as complexing agents in AF-CMP solution for Cu. They 
found that oxalic acid and malonic acid solutions showed 
high MRR in AF-CMP for copper. Yang et al. [85] reported 
that glycine acts as a corrosion inhibitor in alkaline  H2O2 
based AF-CMP solution for molybdenum (Mo), which is 
used as an electrode in solar cells and switches for liquid 
crystal displays (LCDs). Hara et al. [86] proposed a new 
abrasive-free planarization method called catalyst-preferred 
etching (CARE) for SiC substrates. They used a Pt solid 
pad as a catalyst in a hydrofluoric acid solution instead of a 
polyurethane pad, which is commonly used for CMP pads. 
Pandija et al. [87] studied oxalic acid as a complexing agent 
for an  H2O2-based abrasive-free Cu CMP solution. They 
obtained the maximum MRR at pH 3 with 0.065 M oxalic 
acid and 5 wt%  H2O2.

The amount of slurry used in individual processes has a 
direct correlation with WIWNU. Assuming an ideal CMP 
process in which the WIWNU is 0%, the CMP process time 
has a minimum value. However, as the WIWNU deterio-
rates, the polishing time increases to polish the remaining 
thin film even after the film materials in a partial area of 
the wafer are completely removed [88]; thus, the amount of 
slurry per wafer increases. Therefore, when the WIWNU 
is high, the deviation in the flatness of the device in the 
wafer increases, but the amount of slurry used increases 
proportionally [89]. The most dominant factor that influ-
ences the WIWNU is the uniformity of pressurization of 
the membrane [90–92]. Therefore, improving the uniformity 
of polishing by developing a high-performance multi-zone 
membrane structure is a key research direction for reducing 
the amount of slurry and improving the device yield.

In addition, WIWNU is directly affected by the flat-
ness of the pad [6] along with the slurry supply method 
[93–95]; the effect of the flatness of the pad on WIWNU 
will be discussed in the next section. In one of the stud-
ies on slurry supply method, the slurry is supplied in the 
form of a spray over the pad surface, which results in a 
high polishing rate and low WIWNU with a small amount 

Table 2  CMP studies on MAS and target materials

MAS Target material References

Al2O3 +  SiO2 Cu, Ta,  SiO2 [71]
SiO2 +  TiO2 Ba0.6Sr0.4TiO3 [73]
SiO2 +  ZrO2 SiO2 [74]
SiO2 (Large) +  SiO2 (Small) SiO2 [75]
SiO2 +  SiO2 (Various shapes) SiO2 [76, 77]
SiO2 +  CeO2 or SiO2 coated with  CeO2 SiO2 [77–79]
Diamond +  SiO2 SiC [80]

Fig. 8  Mechanisms on MAS CMP proposed by a Jindal et al. [72] and b Lee and Jeong [75] (Redrawn and modified figures of reference 72 and 
75)
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of slurry (Fig. 9) [93]. The authors have compared a con-
ventional tube slurry and spray slurry nozzle at different 
slurry flow rates and spray nozzle heights. The experi-
mental results based on slurry flow rate showed that 
the spray nozzle had a higher MRR and lower WIWNU 
than the conventional nozzle, resulting in a 21% and 
52% slurry flow rate reduction. Therefore, this method 
can reduce the amount of slurry used. Liao et al. [94] 
proposed a crescent-shaped slurry injection system for 
CMP (Fig. 10). The proposed slurry injection system was 
placed adjacent to the retaining ring, allowing fresh slurry 
to be supplied more efficiently to the leading edge of 
the retaining ring. Araca Incorporated introduced Araca 
slurry injection system (SIS) with multiple injection 
points for uniform bow wave thickness of slurry around 
retaining rings [95].

5  Challenges for CMP Pad

As of 2020, approximately 2.5–3 million CMP polishing 
pads are expected to be used annually worldwide, with an 
annual growth rate of 5.8% [96]. Assuming that the thick-
ness of one pad is 2 mm, if the polishing pads used every 
year are stacked in a row, the height becomes 4 km. The 
total amount of discarded pads can be reduced by increas-
ing the life of the pads.

When the uniformity of the pad cut rate (PCR) is uni-
form (0%), the lifetime of the pad is determined by the 
following equation.

where Tlife is the lifetime of the pad; G, C, and PCR are 
the groove depth, proportion constant of the groove usage 
limit (0 ≤ C ≤ 1), and pad cut rate, respectively. As a rule 
of thumb, Eq. (2) shows that the lifetime of the pad can 
be increased with a low PCR, deep groove, and extended 
groove usage. However, a certain radial position of the pad 
is removed faster than other areas; hence, the factor that 
contributes the most to the pad life is premature profile dete-
rioration due to improper conditioning processes and exces-
sive pad cut rate more than necessary. Lee et al. [6] defined 
the pad profile with the following parameters: the maximum 
depth of pad wear (hmax), average depth of pad wear (havg), 
and horizontal distance from the wafer center to the posi-
tion P where the maximum pad wear occurs (e), as shown 
in Fig. 11. Their experiments showed that as the polishing 
pad wears unevenly by CMP conditioning, MRR decreases 
sharply after a certain point as havg and hmax increase, and 
WIWNU increases (Fig. 12).

(2)Tlife =
C × G

PCR

Fig. 9  Schematic of CMP using spray slurry nozzle proposed by Lee et al. [93] and comparison of WIWNU and MRR for conventional slurry 
nozzle and spray slurry nozzle (Redrawn and modified figures of reference 93)

Fig. 10  Schematic of slurry injection system proposed by Liao et al. 
(Redrawn and modified figures of reference 94) [94]
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Pad profiles can deteriorate earlier owing to improper 
conditioning processes. In this case, some grooves in the 
pad radius are overworn more quickly than in other areas; 
thus, the pad should be discarded, despite other areas of the 
pad being functional [97]. In addition, even when the condi-
tioning recipe is optimized, the pad profile can easily dete-
riorate if the conditioner's gimbal resistance is not uniform 
with respect to the gimbal axis owing to the deterioration 
of the conditioner parts or components. In this case, the life 
of the pad is drastically reduced. Further, the life of the pad 
is greatly influenced by the width of the groove under the 
same conditioning process [98]. This is because the groove 
width directly affects the actual contact pressure delivered 
by the conditioner.

The improvement in pad life increases its usage time and 
substantially contributes to reducing the cost of consumables 
(CoC) of the entire CMP process. Heuy et al. [98] reported 
that the pad cost contributes to approximately one-third of 
the total CMP CoC. In their case study, the average CMP 
pad life was found to be 250 wafers/pad with a variance of 
100–400 wafers/pad. The pad CoC increases significantly for 

pad lives of < 350 wafers/pad. The pad CoC at 350 wafers/
pad is half that at 225 wafers/pad [98].

The current pad life has been increased to approximately 
20–40 h depending on the users and processes; in terms of 
the number of wafers processed per pad, more than 2000 
wafers can be polished with a single pad [99]. The reasons 
for this improvement can be summarized as the development 
of a high-precision conditioning system to realize low-pres-
sure conditioning technology, a diamond conditioner that 
can maintain the cutting ability even at low pressures, and 
real-time pad profile control technology [100, 101].

Stable low-pressure conditioning technology is realized 
by the advancement of precise pressure control technology 
by reducing the friction in the mechanical pressurizing sys-
tem and improving the precision of the pneumatic pressure 
control system. The advancement of a diamond conditioner 
that controls the amount and position of active abrasives to 
maintain the cutting ability even at low pressures plays an 
important role in extending the pad life [102]. In addition, 
constant cutting performance can be maintained for a long 
time using a chemical vapor deposition (CVD) diamond 

Fig. 11  Definition of pad profile proposed by Lee et al. (Redrawn and modified figures of reference 6) [6]

Fig. 12  MRR and WIWNU trends with respect to a havg and b hmax reported by Lee et al. (Redrawn and modified figures of reference 6) [6]
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conditioner with a naturally uniform protrusion height of 
cutting tips, which realizes a low cutting depth throughout 
the conditioner surface [103]. Finally, the core of the condi-
tioning profile control technology constitutes the develop-
ment of a real-time pad profile measurement technology and 
a method to control the weighting function of the condition-
ing strength according to the pad radius using the result of 
profile measurement [104]. Using this technology can extend 
the pad lifespan and maintain pad thickness reduction below 
the required limit during the pad lifespan [100, 101].

The pad life depends on the conditioner's cutting speed 
(pad cutting rate; PCR). Closed-cell-type pads can main-
tain their polishing ability only when the surface roughness 
of the pad is formed by the conditioner. While pad condi-
tioning has the advantage of maintaining the polishing per-
formance, it has the disadvantage that the CMP character-
istic cannot be maintained without conditioning stability 
of the pad. These shortcomings naturally lead to the study 
of micro-replicated patterned pads that do not require a 
conditioning process. The research conducted by Tseng 
et al. [99] using micro-replicated 3 M pads (MR pads) can 
provide important data for new pad studies where condi-
tioning is not performed. In the case of the MR pad, the 
surface roughness was formed on the surface of the pad in 
advance, and it could be used in CMP without condition-
ing. According to the results, the MR pad achieved CMP 
process results with more consistent wafer-to-wafer stabil-
ity and repeatability in removal rate, WIWNU, and defec-
tivity up to 2000 wafer passes compared to a conventional 
pad with a diamond tip conditioner. A significant reduction 
in within-die non-uniformity (WIDNU) was confirmed by 
testing gate electrical conductance and transmission elec-
tron microscopy (TEM) measurement of the physical gate 
height. In addition, reduction in at-level metal loss defects 
after replacement metal gate (RMG) CMP and reduction in 
prior-level topography-driven defects, such as puddles and 

missing patterns, were observed after trench silicide (TS) 
CMP [99]. Research on these new pads can be applied to 
reduce conditioner waste and prevent microplastic con-
tamination in wastewater.

Recently, Son et al. [105] introduced a contact-area-
changeable CMP conditioning method (Fig. 13) and con-
trolled the pad wear profile by adjusting the contact area 
between the pad and conditioner during pad conditioning. 
They used contact-area-changeable conditioning to allow 
partially flat pad wear in the area where the polishing pad 
and wafer are in contact, thus increasing the pad’s life-
time, compared to the conventional swing-arm condition-
ing method. Figure 14 shows the MRR distributions of 
conventional conditioning and contact-area-changeable 
conditioning.

Fig. 13  Contact-area-changeable conditioning system and split conditioner ( Adapted from reference 105 (Open Access)) [105]

Fig. 14  MRR distribution as a function of conditioning time: a con-
ventional conditioning and b contact-area-changeable conditioning 
conditioner ( Adapted from reference 105 (Open Access)) [105]
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6  Hybridization of CMP System

To increase the processing efficiency in CMP, high-speed 
and high-pressure conditions can be used. However, these 
conditions in the CMP can improve productivity by increas-
ing the MRR, but are vulnerable to defects, such as scratches 
and delamination of thin films. Researchers are attempting 
to increase the MRR by simultaneously using other physical 
and chemical elements, in addition to chemical reactions in 
the CMP process.

Kurokawa et al. [106] proposed a CMP method using a 
bell-jar-type CMP machine and  KMnO4 as an oxidizer. Bell-
jar CMP is a method that increases the processing efficiency 
of the CMP by conducting it in a chamber to control the 
ambient pressure, thereby enabling the application of CMP 
in various gas environments. This method is reported to be 
able to improve the MRR by facilitating the oxidation of 
SiC substrates in nitrogen (N) and oxygen  (O2) atmospheres. 
To improve the MRR of hard-to-process crystals, Doi et al. 
[107] proposed a process method that combines plasma-
chemical vaporization machining (P-CVM) and CMP with 
a bell-jar-type CMP machine.

Lee et al. [108] used an electrolytically ionized slurry 
for performing CMP of Cu. They used a DC power supply 
to ionize the slurry (ion-rich slurry) through the electrodes 
to increase the amount of OH radicals (-OH) in the slurry, 
thereby increasing the chemical reactivity of the slurry and 
Cu (Fig. 15). They proved that the MRR and its uniformity 
can be controlled by the applied voltage.

Jo et al. [109] proposed a hybrid CMP slurry supply 
system using ionization and atomization (Fig. 16). They 
ionized the CMP slurry in a slurry tank with an AC power 
supply and electrode. The slurry was sprayed over the 
polishing pad via a twin-fluid atomizer that used oxygen 

or nitrogen gas. Figure 17 demonstrates the slurry flow 
around the carrier and pad boundaries. The proposed 
slurry supply system distributes the slurry uniformly over 
the polishing pad, unlike in a conventional slurry supply 
system. In Cu CMP, the hybrid slurry supply system could 
increase the MRR by 23% and WIWNU decreased by 25%, 
compared with those in the conventional CMP system.

Another method of activating OH radicals is photoelec-
trochemical (PEC) planarization using ultraviolet (UV) 
light and a catalyst. Li et al. [110] conducted a study to 
improve the MRR of GaN using hydroxyl radicals with 
UV light and iron. Murata et al. [111] used five polishing 
platens (non-metal, W, Ta, Ni, and Fe) that act as catalysts 
for chemical planarization of GaN. Among the five plat-
ens, the highest MRR was observed when the Fe platen 
was used as the catalyst. Wang et al. [112] also studied 
the photocatalytic reaction mechanism of GaN CMP with 
 H2O2 based slurry and UV light. They found that using 
a UVA lamp (wavelength: 400–315 nm) in GaN CMP 
resulted in a higher MRR than using UVC (wavelength: 
280–190 nm) and incandescent lamps. UVA irradiation 
accelerates the decomposition of  H2O2 and production of 
hydroxyl radicals, thereby enhancing the oxidation reac-
tion of GaN. Figure 18 shows a comparison of the material 
removal mechanisms of conventional GaN CMP and PEC 
planarization. Yuan et al. [113] investigated the CMP of 
4H-SiC using UV-TiO2 photocatalysis. Table 3 presents 
the aforementioned hybrid CMP systems.

Various methods are being attempted to improve low 
MRR in CMP, but while there are positive effects of reduc-
ing time in the production process, it is unlikely that most 
alternative technologies have significantly reduced the 
environmental burden due to the additional use of new 
energy sources or devices. Therefore, it seems necessary 
to closely analyze the environmental impacts of the devel-
oped alternative processes.

Fig. 15  Electrolytic CMP system and material removal mechanism

Fig. 16  Hybrid slurry supply system proposed by Jo et al. conditioner 
( Adapted from reference 109 (Open Access)) [109]
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7  Future of CMP

The coronavirus pandemic has exerted enormous pressure 
on world society and forced a host of changes in our life-
style. When it recedes in the future, experts expect that 

the older and more familiar approaches to working would 
return. Harvard experts say that some of our adaptations 
have accelerated the existing trends, such as the develop-
ment of a cashless society, increase in remote working, 
and decline in offline retail. In addition, they expect that 
some of these will become a more permanent part of the 
post-pandemic’s new normal.

The semiconductor industry will be a key driver in cre-
ating a new-normal society. Considering the huge amount 
of investment in the semiconductor industry from not only 
East Asia but also the USA and Europe, the change will be 
accelerated more rapidly as we estimate. CMP is one of the 
strongest manufacturing processes to realize next-generation 
devices, which will be necessary in the new-normal society.

Figure 19 shows research topics of the papers covered in 
this review. From the Sustainability perspective, research on 
the environmental load of CMPs has been done in part in 
evaluating the overall semiconductor process. About 38% of 
the references in this review were on CMP wastewater treat-
ment, and 23% were on CMP slurry. The rest of the research 
was also on CMP consumables and system improvements 
(Fig. 20). 

The future of CMP technology can be summarized 
with three key words: expansion, digitalization, and sus-
tainability. First, its application is broadly expanding to 
highly integrated chips, three-dimensional microelectro-
mechanical systems (MEMS), fan-out panel level packag-
ing (FOPLP), and defect-free substrates. CMP can remove 

Fig. 17  Images of slurry flow around the carrier and polishing pad boundaries: a conventional slurry supply system and b hybrid slurry supply 
system ( Adapted from reference 109 (Open Access)) [109]

Fig. 18  Material removal mechanism of GaN: a conventional CMP 
and b photoelectrochemical planarization

Table 3  Hybrid CMP systems 
and their methods

System Method References

Bell-jar type CMP Control of ambient pressure and gas [106]
P-CVM & CMP Combination of P-CVM and CMP [108]
Electrolytic CMP Electrolytic ionization of CMP slurry [108]
Hybrid CMP slurry supply system Ionization and atomization of CMP slurry [109]
Photoelectrochemical planarization Activation of OH radical [110–113]
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more than 40 types of materials and find solutions for all 
types of materials in the near future. In addition, electro-
chemical mechanisms in CMP technology are expected 
to be applied not only to semiconductors and displays 
that have been traditionally applied, but also to other 
fields such as maskless electrochemical texturing [114, 
115]. The second issue for future CMP is digitalization 
of a smart process. For more accurate and precise pro-
cess control, we require digitalized consumables, such as 
a micropatterned pad without unnecessary conditioning, 
robust simulation, and automatic process control (APC). 
The CMP system will be integrated using artificial intel-
ligence (AI) and extended reality (XR) for acquiring more 
robust APCs. Finally, as discussed in this paper, sustain-
ability will be a hot issue to reduce environmental burden 
by minimizing the usage of CMP consumables, reducing 
process time, improving energy efficiency of CMP system, 
and improving throughput. In the future of CMP technol-
ogy facing global environmental regulations, sustainability 
approaches are expected to be indispensable and should 
proceed with technology expansion and digitalization.
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