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Abstract:With the development of integrated circuit tech-
nology, especially after entering the sub-micron process,
the reduction of critical dimensions and the realization of
high-density devices, the flatness between integrated cir-
cuit material layers is becoming more and more critical.
Because conventional mechanical polishing methods in-
evitably produce scratches of the same size as the device
inmetal or even dielectric layers, resulting in depth of field
and focus problems in lithography. The first planarization
technique to achieve application is spin on glass (SOG)
technology. However, this technology will not only intro-
duce new material layers, but will also fail to achieve
the global flattening required by VLSI and ULSI technolo-
gies. Moreover, the process instability and uniformity dur-
ing spin coating do not meet the high flatness require-
ments of the wafer surface. Also, while some techniques
such as reverse etching and glass reflow can achieve sub-
micron level regional planarization. After the critical di-
mension reaches 0.35 microns (sub-micron process), the
above methods cannot meet the requirements of lithogra-
phy and interconnect fabrication. In the 1980s, IBM first
introduced the chemicalmechanical polishing (CMP) tech-
nology used to manufacture precision optical instruments
into its DRAM manufacturing [1]. With the development
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of technology nodes and critical dimensions, CMP tech-
nology has been widely used in the Front End Of Line
(FEOL) and Back End Of Line (BEOL) processes [2]. Since
the invention of chemical mechanical polishing, scientists
have not stopped studying its internal mechanism. From
the earliest Preston Formula (1927) to today’s wafer scale,
chip scale, polishing pad contact, polishing pad - abra-
sive - wafer contact and material removal models, there
are five different scale models from macro to the micro [3].
Many researchmethods, such as contactmechanics,multi-
phase flow kinetics, chemical reaction kinetics, molecular
dynamics, etc., have been applied to explain the princi-
ples of chemicalmechanical polishing to establishmodels.
This paper mainly introduces and summarizes the differ-
ent models of chemical mechanical polishing technology.
The various application scenarios and advantages and dis-
advantages of the model are discussed, and the develop-
ment of modeling technology is introduced.

Keywords: chemical mechanical polishing technology;
modeling; semiconductor process

1 Introduction
CMP is currently the only technology that can achieve
global planarization, so it is important today that key di-
mensions have entered the deep submicron process [4].
The earliest application of chemical mechanical polishing
(CMP) technology was the fabrication of ultra-smooth sur-
faces for precision optical instrument lenses. In the early
1950s, polishingwasused tominimize surfacedamagedur-
ing the preparation of silicon wafer substrates [5, 6]. Un-
til 1980, because of the increasing requirement for surface
flatness in lithography, IBM scientists introduced STI CMP
technology into the production of integrated circuits [1–4].
Then the STI CMP technology replaced the LOCOS technol-
ogy. At the same time, W (tungsten) polishing technology
replaced the anti-etching technology and is widely used
in BEOL process technology below 0.35 microns. With the
advent of copper polishing in the new century, the 0.13 mi-
cron back-end copper manufacturing process became pos-
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sible. RMG polishing promoted the generation of high-k
gate technology after 2007 [7]. It can be seen that the emer-
gence and development of CMP technology has promoted
the steady progress of integrated circuit technology and
Moore’s Law. However, because people know little about
the detailed micro-mechanism of CMP, CMP technology is
more of a semi-empirical technique, unable to accurately
predict its working process, andmore based on large-scale
experiments to optimize experimental parameters. Due
to the increasing complexity of the types of materials in-
volved in processes below the 45nm node, such as the in-
troduction of low-k materials, ALD barriers, Co, Ru, etc.
[8]. With the development and complexity of the CMP pro-
cess, the principle of the CMP process has been deeply dis-
cussed. From the Prestonmaterial removal rate formula to
determine the relationship between the polishing pressure
of the glass and the rate [9] to the correction of the Preston
formula in different material applications [10, 11], model
assumptions for surface properties of polishing pads [12],
definition of surface contact patterns [13], and modifica-
tions in varying degrees and scales in contact pattern ap-
plications. Whether at the wafer or chip scale, or even
the polishing particle scale, the molecular and atomic di-
mensions of the polished particles are in contact with the
material. A variety of different models was established to
explore the intrinsic mechanism of chemical mechanical
planarization. Different scalemodels have different advan-
tages and disadvantages. Due to different preset condi-
tions, the application is different, and the scale of effec-
tive prediction may be different. But the core issues to be
solved by these models are based on the following points:

(1) The microscopic mechanism of material removal
during polishing;

(2) Factors affecting the removal rate of the material;
(3) Balance and synergy between mechanical and

chemical effects during polishing;
(4) Realization of high selection ratio removal rate of

various materials during polishing;
(5) The effect of pattern density and shape on the pol-

ishing process in the Damascus process;
(6) Prediction, mitigation and elimination of erosion

and scratch during polishing;
(7) Prediction of thickness deviation data of polished

metal layer/dielectric layer.

2 CMP model with polishing
particles as the main focus

In the chemical mechanical polishing process, there are
three main factors involved: (1) slurry (including particles
(abrasives) and related chemical additives), (2) polishing
pads, and (3) polishing machines. The most direct polish-
ing effect is the friction-chemical process of the abrasive
and wafer in the slurry. Therefore, many models are cut in
by the characterization and properties of the abrasive, and
the nature of the abrasive itself is used as a variable to ex-
plore the CMP process.

2.1 Polishing particle size distribution
model

For a typical mechanical polishing process, the smaller
the polishing abrasive size, the easier it is to achieve a
smoother surface. In the mechanical action during the
CMP process, the smaller the particle size and hardness
of the abrasive, the more uniform the particle size and
stress distribution, and the less scratch damage that oc-
curs under the same process conditions. Meanwhile, due
to the higher specific surface area of the abrasive having
a smaller particle size, it is easier to generate higher po-
tential energy and adsorb the active material on the sur-
face of the abrasive grain, thereby improving the ability to
interact with the substance. Therefore, from the perspec-
tive of polishing particle size, the researchers proposed a
CMP model based on the particle size distribution of pol-
ished abrasives [14]. In the model, all polished particles
(assumed to be uniform spheres) are considered in the
wafer-particle-polishing pad contact based on size and nu-
merical ratio, and the particles (active particles) capable of
functioning in the CMP process mainly have the following
two requirements: 1) In the gap between the polishing pad
and the wafer surface; 2) the particle size is large enough
to make contact. After the pressure is applied, the contact
portion of the polishing pad will deform by the reaction of
the particles. As the pressure increases, the deformation
of the polishing pad increases, while also increasing the
actual contact area and the number of particles involved
in the contact. Until the pressure and indentation stress
reach equilibrium, the number of particles participating in
the contact tends to be stable, so that the determination of
the particle size distribution of the particles participating
in the reaction can be achieved. We assume that the par-
ticle size follows a normal distribution and then calculate
the number of abrasive particles involved in the material
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Figure 1: The contact between wafer and polishing pad

Figure 2:Micro-structure of the contact of wafer-abrasive-pad

removal process based on size. Finally, it is assumed that
the material removal rate of a single abrasive particle is
linearly related to its size. In combination with the above
assumptions, a material distribution removal rate (MRR)
based on a normal distribution can be obtained by statisti-
cally grinding the particle size distribution.

The model assumes that particles of the same particle
size have the same polishing rate and do not take into ac-
count the chemical effects in the polishing solution, nor
do they consider the interaction of the nanoparticles with
each other. Different indentation shapes and depths have
different effects on material removal. Meanwhile, the sur-
face roughness of the polishing pad and the influence of
the stress distribution caused by the roughness factor are
also ignored. Therefore, it is a less accurate model when
predicting smaller particle size changes and higher preci-
sion flatness.

2.2 Semi-empirical model of surface
morphology of abrasive particles and
polishing pads of different sizes

Based on the shortcomings of the previous model,
Chen [15] proposed a semi-empirical model that takes into
account the surface topography of different sizes of abra-
sive grains and polishing pads. The material removal rate
(MRR) is different for different regions and different time
periods for different real contact areas and abrasive par-
ticle sizes. After calculating the average material removal
rate according to the contact mechanics analysis, the MRR
distribution model is obtained according to different con-
tact stresses and relative velocities (assuming the initial
surface topography is a periodic random variation). The
silicon dioxide (SiO2) film (1.5um) formed by plasma en-
hanced chemical vapor deposition (PECVD) on a 200 mm

silicon wafer was verified based on different average parti-
cle size (13, 22, 61, 118nm) and different positions. The re-
sulting data fits well. However, since the model is a semi-
empirical model, chemical corrosion and complex surface
state changes in chemical mechanical polishing are not
considered, and it is directly converted into empirical pa-
rameterization, giving up the numerical interpretation of
the chemical-mechanical synergy existing therein. Above
all it is not a perfect model. If we can make physical mod-
els and reasonable mathematical explanations of the vari-
ation of empirical parameters,we can deeply explore them
to correct the modified model and deepen the understand-
ing of CMP mechanism.

2.3 Abrasive deformation correction model

In the above model, the size of the abrasive particles and
the shape of the polishing pad are considered. However,
during chemical mechanical polishing, the abrasive parti-
cles are not only in elastic contact with the surface of the
polishing pad, but also in viscoelastic contact with the sur-
face of thewafer. Thiswill inevitably affect the shape of the
abrasive particles. Chen et al. [16] utilized the calculation
method to consider the MRR change caused by the defor-
mation and deformation of the abrasive grains caused by
the pressure, the material removal rate correction model
based on the pressure change is obtained. First, the ac-
tual contact areawithout pressure is obtained according to
the surface topography and the distribution of the abrasive
grain size. Thereafter, the amount of deformation of the
abrasive grains when the polishing pad and the abrasive
grains are applied is obtained according to the pressure
and the corresponding percentage of the active particles.
Finally, during the material removal process, the amount
of active particles injected into the substratematerial is ob-
tained. Deeply considering the correctedmaterial removal
rate formula. This model not only concerns the deforma-
tion of the wafer and the polishing pad, but also concerns
the deformation of the abrasive grain, and theoretically ob-
tains a more accurate polishing model.

Wang proposed a molecular scale principle model
for the influence of abrasive particle shape on polishing
rate [17]. The physical basis of the wafer surface material
removalmechanismproposed in themodel is based on the
reduction of surface molecular chemical potential and the
breaking of bonding bonds. Based on the introduction of
the surface shape parameters of the abrasive particles, the
shape factor of the abrasive particles is considered to be
in equilibrium with the contact mechanics to correct the
material removal rate factor of each abrasive particle.
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The above types of models are based on the size of the
abrasive particles to calculate thematerial removal rate by
proportional. Themodel assumes thatmost of the abrasive
particles are spherical or even spherical. By default, parti-
cles of the same shape have the same removal rate. It does
not take into account the chemical potential, and even the
effects of the polishing pad and flow field on the abrasive
grain distribution and the surface state of the abrasive par-
ticles on the material removal process. Or these models
modify the effect of chemical potential on the matrix ma-
terial as a fixed empirical value. These assumptions limit
the universality and application of the model. To some ex-
tent, it is still empirical, and even semi-empirical models,
which cannot guide andpredict the progress of future tech-
nological advances.

3 Models of abrasive particle and
material surface interaction
based on molecular dynamics
simulation

Wenjie Zhai and other researchers [18] used the molecular
dynamics (MD)method to establish a single diamond abra-
sive grain to etch the atoms on the silicon carbide surface
in the chemical mechanical polishing (CMP) process. The
model was used to simulate the effects of diamond abra-
sive radius, scoringdepth and scoring speedon the surface
morphology, crystal structure, friction and atomic removal
rate of silicon carbide, and the mechanical characteriza-
tion of amorphous silicon oxide films. The experimental re-
sults and simulation resultswere comparedand the causes
were analyzed.

It is found that the amorphous transformation occurs
locally in the process ofmechanical scribe. The increase of
the scribe depth will increase the cutting force and cutting
temperature, and the atom removal rate will increase. The
change of the scribe speed will affect the temperature and
The atom removal rate has almost no effect on the cutting
force; the increase of the abrasive radius will lead to the
increase of cutting force and temperature, and has little ef-
fect on the atom removal rate under the same indentation
depth; The silicon oxide film can greatly reduce the cut-
ting force, but due to the influence of its structure, the me-
chanical scribing effect only causes the oxide film to be sig-
nificantly densified without generating debris. Therefore,
there is no significant influence on the friction of the inter-
face.

The molecular dynamics model of a single abrasive
particle to surface material helps to understand the micro-
scopic process of material removal during the chemical
mechanical polishing. Variables such as the mechanical
influence and variation of the abrasive grains that cannot
be obtained by the macroscopic process can be achieved,
but for the molecular dynamics process, it strongly de-
pends on the action potential function of the particles and
the matrix material. The material removal rate of a single
abrasive particle is always at a small scale, which is greatly
affected by the periodic and aperiodic external fields. It
is difficult to obtain a stable potential field after multiple
stacking. Although it essentially explains the role of sin-
gle abrasive particles. As a result, the effect between the
particles is distinguished. It is still necessary to combine
macroscopic experiments to consider the averagematerial
removal rate of particles based on the understanding of
molecular scale.

Comparedwithmolecular dynamics calculationmeth-
ods, nanotechnology and micro-indenter technology can
actually manipulate a single abrasive particle to study the
friction of different substrates under the AFM technique of
the base material, and Its effect on material removal.

To study the principles of aluminum chemical me-
chanical polishing and the chemical and mechanical ef-
fects of material removal rates, the researchers (Yong-
guang Wang) used AFM nano-indenter to perform nano-
scratches, drying, water and hydrogen peroxide in three
different environments [19].

Comparing the frictional forces of these three environ-
ments, a mathematical model based on Mo theory [20]
wasproposed to explain the atomic-scalematerial removal
mechanism of aluminumduring chemicalmechanical pol-
ishing.

According to the evolution of the friction coefficient,
the deformation of aluminum in the nano-scratch process
can be divided into two states. On the one hand, when
the load is less than 100 nN, the elastic deformation dom-
inates the scratching process. On the other hand, as the
load is further increased, the elastoplastic deformation
controls the scratch process. Similar results were observed
under dry and water conditions. The Mo model based on
the atomic contact concept is used to explain the above-
describednanoscale deformationbehavior, that is, the fric-
tion coefficient and deformation behavior. Interestingly,
the viscous slip was observed only under H2O2 conditions,
which is a bond interaction between -OH and Al atoms
caused by chemicals compared to dry and water condi-
tions.

For the study of the mechanism of material removal
rate on the microscopic scale, the calculation method and
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the experimental method are mutually corroborated. By
means of these two methods, the mechanism model is es-
tablished by using the existing experimental data, and the
experimental phenomenon is predicted by themechanism
model. These twomethods prove each other and spiral up-
wards to reach an in-depth understanding of the theory of
chemical mechanical polishing. This model method can
godeep into the atomic andmolecular scale to observe and
predict the atomic level removal mechanism of materials.
However, this cannot always be done due to technical con-
straints. Whether it’s from in-situ scales or to complex sys-
tems.

3.1 Model based on surface topography and
on-chip graphics density

Since Greenwood and Williamson [14] made the
Greenwood-Williamson model for surface roughness mea-
surement and description in 1966, many researchers have
studied the contact and mechanical states of the material
surface based on the G-Wmodel. Based on the G-Wmodel,
Vasilev proposed a chemical mechanical polishing model
based on on-chip scale and pattern density [21]. For the
ILD and STI CMP processes, the model uses G-W model
and hertz contact mechanics theory to analyze and calcu-
late the microscopic contact between the rough surface of
the polishing pad and the different pattern density on the
sheet. The material removal rate is calculated based on
the statistical contact stress. Different contact modes re-
sult in different stresses, and different stresses correspond
to different material removal rates. The model is based on
the G-Wmodel to calculate the polishing pad and the char-
acteristics of the on-chip topography. The parabola fitting
is performed according to the height and density of the
pattern step, and the surface of the polishing pad is cal-
culated according to the curvature of the fit. The specific
method is to approximate the graphical step to a parabolic
curve, as shown in Figure 3.

Because the on-chip pattern has a strong periodicity,
this fit is not very complicated with respect to the rough-

Figure 3: Graphical steps and their fitting curves

ness of the polishing pad. So the contact problembecomes
a problem between a non-periodic rough surface and pe-
riodic point contact [22]. This point contact is specifically
divided into two types, one is the top contact (Up), which
is for fitting the peak of the parabola; the other is the
bottom contact (Down), which is for the valley of the fit-
ting parabola. Based on these two different contacts, the
material removal rate of the original planar state is cor-
rected [23]. After that, the removal rate (RR) for both cases
is related to the polishing pad topography and the fitted
graphical step curve. Therefore, the curvature radius of the
fitted curve is obtained by using the derivative, and the
AFM is used to modify the value to obtain the relationship
between the topography and the contact, so that the mate-
rial removal rate formula based on G-Wmodel is derived.

The model uses a fitted curve to characterize the re-
lationship between the pattern steps and the contact to
obtain a simplified periodic point hertz contact, which re-
sults in a single point of material contact rate based on the
stress state. Finally, the contact point is calculated statis-
tically according to the G-W model of the polishing pad,
and the integral material removal rate is obtained by inte-
gration.

Although this model can effectively count the graph-
based CMPMRR, but because themodel does not take into
account the contact of other points of the graph step, and
themodel strongly relies on the accurate description of the
on-chip graphics, it is not able to bemore subtle to predict
the graphics.

3.2 Dishing and erosion model based on
on-chip scale

Because of the copper interconnect technology and the
application of damascene technology in the field of in-
tegrated circuits, copper CMP technology is widely used
in single Damascus and dual damascene processes to
achieve copper interconnect and via formation [24]. Since
Copper is difficult to react with acid and is relatively more
inert than aluminum, it is necessary to introduce an oxidiz-
ing agent and a passivating agent to oxidize copper and
balance the oxidation rate of copper to control the influ-
ence of chemical action on the polishing process. However,
after the introduction of the oxidizing agent and the passi-
vating agent, the control of the polishing end point is un-
stable, and the over-polishing after the end of polishing
and the different over-polishing rate of the metal and the
dielectric layer are easily eroded and dished after the di-
electric layer (Figure 4).
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Figure 4: Dishing and erosion

In order to reduce the occurrence of these two side
effect defects, it is necessary to finely control the polish-
ing end point, and the interconnect pattern density is re-
lated to the depth of erosion. In order to achieve the flat-
ness of the interconnect and reduce the possibility of fail-
ure, Dummy metal fill is applied to the copper during pol-
ishing to achieve uniformity of global chip wiring density
to reduce chip unevenness. More and more material lay-
ers are introduced into the manufacturing process in ad-
vanced integrated circuit processes, so the unevenness of
each layer ofmaterial gradually affects the surface flatness
of the subsequent steps. Not only that, the current man-
ufacturing technology of integrated circuit interconnects
relies on chemical mechanical polishing processes, which
can cause deviations in the longitudinal height of intercon-
nects that dominate the performance of integrated circuits
and their inter-layer dielectrics, further leading to intercon-
nect electrical The change in parameters ultimately leads
to variations in circuit performance and unpredictability,
and a serious drop in circuit yield [25]. Therefore, based on
such problems, the chemical mechanical polishing model
is necessary to predict the flatness of the material layer
and the influence of the RC delay on the interconnect.
The precise chemicalmechanical polishingmodel helps to
improve the accurate inter-layer thickness deviation. also
helps layout design to improve IC yield and performance.

Based on the above questions, Feng Chunyang pro-
posed a model for automatically generating the surface
of generalized rough polishing pad based on the G-W
model, which is more general than the previous G-W sta-
tistical model. The measurement method relative to the
G-W model is more random and representative. The spe-
cific method is to use a stochastic process method, assum-
ing that the rough surface obeys the Gaussian distribution,
and using the spectral expansion method to obtain a one-
dimensional surface height highly random function f (x),

f (x) =
√
2
N−1∑︁
n=0

An cos(ωnx + ϕn)

According to the central limit theorem, the upper ap-
proximation approaches the Gaussian random process
when it tends to infinity. In the above formula, An is the

magnitude of the expended spectrum, ωn is the discrete
frequency of the expended spectrum, Φn is the phase an-
gle of expended spectrum.

The parameters in the expansion are defined as fol-
lowed formula:

An =
√︀
2S(ωn)∆ω, n = 0, 1, 2, 3, . . . , N − 1;

ωn = n∆ω, n = 0, 1, 2, 3, . . . , N − 1;

∆ω = ωNN
And using power spectrum expansion again to obtain

a two-dimensional surface height probability density func-
tion. Thereby, a random rough surface with universality
is obtained. Then, using the conjugate gradient algorithm
combined with multi-level multi-summation (MLMS) or
FFT matrix vector multiplication acceleration technology,
makes a faster solution speed than the traditional method.

The contact mechanics calculation is performed by
the new surface topography, and then the chemical me-
chanical polishing simulation is performed according to
the layout, and the material removal rate of different re-
gions is used to evolve the inter-layer thickness devia-
tion and even the dishing and erosion size. This method
catches the MIT’s DSH model to calculate the contact
area. It is more universal through the random rough pol-
ishing pad surface model and has sufficient application
prospects. However, it does not show the chemical effects
in polishing, but rather as a factor in the mechanical con-
tact model, regardless of the nature of the dielectric layer
andmetal during the CMPprocess. In particular, themech-
anism of action of different line widths and pattern densi-
ties cannot be explained. It can only be based on empirical
formulas and data. There can be no foresight of technol-
ogy.

4 Conclusion
Moore’s Law promotes the advancement of integrated cir-
cuits [26]. The application of FinFET, MEMS, SOI and Si,
SiGe, graphene, molybdenum disulfide, silicon carbide,
galliumnitride and other different device structures, mate-
rials and the reduction of critical dimensions have brought
out new opportunities and challenges for the establish-
ment of CMP model. Due to various process requirements
and the stringent requirements of surface planarization
technology, more problems have arisen for the CMP pro-
cess technology for predicting the thickness deviation be-



188 | G. Zhao et al.

tween layers. Meanwhile, based on the progress of con-
tactmechanicsmodel and surface roughness characteriza-
tion, and even the introduction of chemical reaction kinet-
ics, our understanding of chemical mechanical polishing
technology is further deepened on the basis of chemical
mechanical polishing mechanism. We can propose better
prediction models and based on this design with higher
stability, smaller deviations and higher removal rates of
polishing processes and materials. For the CMP of differ-
ent materials, or ultra-thin film CMP, multi-layer heteroge-
neous integrated CMP, even the formation of dozens of in-
tegrated circuit structures began to be introduced into in-
tegrated circuit manufacturing, while the introduction of
EUVand the step-by-step approach tonanoscale processes
are getting closer to the limits of precision process technol-
ogy. Therefore, a series of technologies that help improve
the manufacturing yield of integrated circuits, such as lay-
out design and manufacturing process improvement and
manufacturability design, have a long time tofinda clearer
CMP mechanism and model in different application sce-
narios [27–32].
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