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ABSTRACT

The paper firstly soaks silicon wafer in slurry at
different temperatures and different volume concen-
trations for 30 minutes, and then performs atomic
force microscopic (AFM) experiment to calculate the
specific down force energy SDFE,qqction Values of
silicon wafer soaked in slurry at different temperatures
and different volume concentrations. These
SDFE,cqction Values are substituted into an innova-
tively established theoretical simulation model of
abrasive removal depth of silicon wafer under chemi-
cal mechanical polishing (CMP) by a pattern-free
polishing pad soaked in slurry at different tempera-
tures and different volume concentrations. First of all,
the paper conducts CMP of silicon wafer by a pattern-
free polishing pad with slurry at different volume
concentrations at room temperature, and then
compares the experimental results with the simulation
results. After that, the paper makes a comparison
between the simulation result and experimental result
of abrasive removal depth per minute and finds the av-
erage difference ratio. After applying the modification
concept of average difference ratio, the simulated
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abrasive removal depth per minute being close to the
experimental value after compensation and modifica-
tion can serve as a parameter value being similar to
experimental value for regression analysis. Finally,
the paper establishes a compensatory regression
equations with consideration of different temperatures
and different volume concentrations.

INTRODUCTION

A slurry at different temperatures and different
volume concentrations would affect the softening
feature of the chemical reaction layer of silicon wafer,
and would further affect the abrasive removal depth of
silicon wafer being ground by abrasive particles, thus
leading to affect the abrasive removal depth per unit
time of silicon wafer under chemical mechanical
polishing (CMP). Preston (1927) proposed in 1927 the
first theoretical model of CMP wear, which was
expressed as MRR = KPV, where MRR denotes the
material removal rate; P denotes the pressure applied;
V denotes the relative velocity of wafer to polishing
pad; and K denotes the Preston constant. After that, Yu
et al. (1993) firstly proposed that the contact between
the asperity of polishing pad and wafer surface should
be considered, and explored the relationship between
static contact and removal rate. Besides, Yu et al.
(1994) also proposed combining the effects of both the
polishing pad with asperity and the fluid dynamics of
slurry on the CMP process. The contacts explored
above were all under the suppositions that the asperity
distribution on polishing pad surface was of Gaussian
distribution; the peak of its asperity was circular; and
the polishing pad did not have a pattern groove.

Chekina and Keer (1998), employing the
concept of contact mechanics, analyzed the relation-
ship between wafer surface morphology and contact
pressure in the CMP wearing process under steady
conditions, and determined that the effect of planari-
zation is related to geometric unevenness on the
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surface and different surface materials. Xie and
Bhushan (1996) intended to know the wear model of
removal rate in mechanical polishing process,
proposed how the size of abrasive particles, polishing
pad and contact stress were related to removal rate, and
proved their theoretical model by experiments. Jiang
et al. (1998) suggested giving consideration to two-
body wear model under the condition of asperous
surface contact, and defined the wear energy of
material. They supposed that the asperity peak of
asperous surface was conic, and the asperity distribu-
tion was of Gaussian distribution. Besides, Jongwon et
al. (2003) further discussed about a contact defor-
mation effect model for abrasive particles, and derived
a volumetric removal model for individual abrasive
particle. Lin and Chen (2005) developed a binary
image pixel numerical analysis method to calculate
polishing frequency and polishing times for CMP of
wafer. Lin and Huang (2012) studied the use of CMP
of sapphire wafer as well as removal of wafer caused
by chemical reaction during the contact of slurry
containing SiO, with the substrate to observe the
change in the removal amount and surface morphol-
ogy of wafer when there are different down forces,
different rotational velocities, use of polishing pads
with different morphologies, such as hole-pattern
polishing pad and pattern-free polishing pad, different
abrasive particle sizes and different volumetric
concentrations of slurry. They were also matched with
the regression analysis theory. Focusing on the
equation proposed by Preston for polishing of glass,
improvement was made. Kim and Jeong (2004)
studied and analyzed the relative velocity of wafer to
polishing pad, and derived the relative abrasive length
of each position on wafer to polishing pad.

Atomic force microscopy (AFM), invented by
Bining et al. in 1986 (1986), is a kind of scanning
probe microscopy generally used for measurement and
observation of the surface morphology of conductor
and non-conductor, so the related scholars explored
the measurement and application of AFM. It was
proved by the related scholars that applying AFM
probe as a machining tool to perform mechanical
cutting was a quite useful technique in machining of
nanostructures, such as semiconductor, optoelectronic
component and metallic surface (2008).

In the above literature, there is no in-depth
exploration for establishment of a theoretical model,
experiment, regression analysis equation and average
difference ratio model of the abrasive removal depth
of silicon wafer being affected by the chemical reac-
tion of slurry at different temperatures and different
volume concentrations during CMP of silicon wafer by
a pattern-free polishing pad.

THEORETICAL MODEL AND
EXPERIMENTAL METHOD FOR
SDFE: eaction OF SILICON WAFER

J. CSME Vol.43, No.5 (2022)

WITH SLURRY AT DIFFERENT
TEMPERATURES AND DIFFERENT
VOLUME CONCENTRATIONS

First of all, the paper soaks silicon wafer in
slurry at different temperatures and different volume
concentrations for 30 minutes to make silicon wafer
produce a chemical reaction layer. This paper can uses
a smaller down force to make the cutting depth of the
AFM-machined V-shaped groove smaller than 0.09nm,
which then can be used to calculate the SDFE,.4ction
value inside the chemical reaction layer of silicon
wafer soaked in slurry at different temperatures and
different volume concentrations.

The slurry used in this paper for conducting
experiments is SiO, slurry provided by San Chuin
Scientific Co., Ltd., with the abrasive particle size in
slurry being 0.05um. As to adjustment of
concentration, deionized water is added to slurry, and
then they are mixed well by a stirrer in order to make
the abrasive particles evenly distributed. In this paper,
the mixing proportion is that the volume concentration
of the slurry without deionized water added is 50%,
and the volume concentrations of the slurry with
deionized water added are 20%, 30%, 40% and 50%.
Comparison is made for these 4 kinds of slurry at
different volume concentrations.

As to control of soaking temperature of slurry,
the slurry is poured to a beaker, which is then placed
on a heating plate. Turn the knob on the heating device
to different numerical values in order to achieve the
slurry temperatures of 50°C, 40°C and 30°C
respectively. In the heating process of slurry, a
thermometer is used to monitor its temperature.
Once the slurry is heated to the specified temperature,
pour it to another beaker, and soak the single-crystal
silicon substrate in the heated slurry for 30 minutes.
Therefore, during the soaking period, it should not
simply monitor the slurry temperature using a
thermometer. If the slurry temperature starts to fall, use
another beaker to hold the slurry that is on the heating
plate, and then pour the slurry to the beaker with the
single-crystal ~ silicon  substrate  soaked in.
Meanwhile, use a thermometer to monitor the slurry
temperature. The thermometer measures the
temperature of the slurry being poured in and heated,
ensuring that during the 30 minutes that the single-
crystal silicon substrate is being soaked, the slurry
temperature is controlled at the required temperature
of £ 1°C, so as to meet the required experimental
parameter of temperature.

After the single-crystal silicon substrate has
been soaked in the various slurry aforesaid under
different conditions, place the single-crystal silicon
substrate on the AFM. Use a diamond-coated probe as
a cutting tool, and employ contact mode to do the
experiment of cutting and machining a straight-line
nanogroove. The paper’s SDFEcacion inside the chem-
ical reaction layer of silicon wafer soaked in slurry at
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different temperatures and different volume concen-
trations is defined as that the downward force multi-
plying the cutting depth applied on the silicon wafer
workpiece being soaked in slurry at different tempera-
tures and different volume concentrations, and divid-
ing by the volume of the workpiece removed by the
downward force of the cutting tool, as shown in
equation (1):

SDFE, cqction (Specific downward force energy)
AV

Here, F4 denotes the downward force applied
by cutting tool onto the workpiece; Ad denotes the
cutting depth; and AV denotes the volume removed
from the workpiece by the cutting tool.

Since the AFM probe tip is like a semispherical
cutting tool, the volume removed from the workpiece
by cutting tool can be obtained by the geometric
equation of sphere. From moving of cutting tool to
machining of groove, the depth in the middle area
gradually inclines to be at a fixed cutting depth. As to
the volume removed by downward force after moving
of cutting tool, the volume of the distance of the radius
R behind the cap of the workpiece being cutted by the
probe in advancing direction has been removed.
Therefore, at this moment, the removed volume is half
of the cap volume under the cutting depth, and the
removed volume is shown as follows equation (2):

dj
Vi = %T[diz(R - ?) (2)

where R denotes the tip radius of the cutting tool of
probe; and Ad denotes the cutting depth.

In times of CMP machining, when the abrasive
particles in slurry are polishing the wafer, the machin-
ing via polishing and cutting is similar to making of an
abrasive depth by each spherical abrasive particle, and
is also similar to the foregoing AFM probe’s machin-
ing behavior on silicon wafer. Therefore, if the paper
firstly uses scanning electron microscope (SEM) to
measure the diameter of the semi-sphere of the AFM
probe, and the diameter of the probe tip of AFM is
150nm. Then applies the abovementioned AFM
machining experiment, with the soaked silicon wafer
affected by the slurry at different temperatures and
different volume concentrations, the paper should
firstly set the downward force, perform cutting, and
then measure the obtained cutting depth.  After that,
the paper uses equation (2) to calculate the removed
volume, and then calculate the SDFE,.;cti0n Value of
the chemical reaction layer of silicon wafer soaked in
slurry at different temperatures and different volume
concentrations.

MODEL OF ABRASIVE REMOVAL
DEPTH OF SILICON WAFER SOAKED
IN SLURRY AT DIFFERENT
TEMPERATURES AND DIFFERENT

VOLUME CONCENTRATIONS
UNDER CMP BY A PATTERN-FREE
POLISHING PAD

For the experiment focusing on each of the same
experimental parameter, the paper conducts CMP
experiment for 5 times. In each experiment, polishing
is carried out for 20 minutes, and then the experimental
average value of the abrasive removal depth per
minute is obtained.

Calculation Method of The Contact Area Between
Asperity Peak of Polishing Pad and Wafer

The paper supposes that the asperity peak of
pattern-free polishing pad was supposed to be of
Gaussian distribution, and the wafer was supposed to
be a flat surface. As to the derived contact area
between polishing pad and wafer as well as the load, it
supposed that abrasive particles were embedded on the
polishing pad only on the contact area between the
asperity peak of polishing pad and wafer, to perform
polishing of wafer. Under this model, in order to use
pattern-free polishing pad, the paper divides the
silicon wafer into multiple single elements, with each
element in the size of Imm x1mm, as shown in Figure
1. Thus, the contact area between each element of
wafer and polishing pad is Gaussion distribution.
When the silicon wafer is rotating, each element would
have continuous relative turning contacts with the
pattern-free polishing pad.

— : ! 4 -k

Figure 1 Schematic diagram of division of silicon
wafer elements

According to the equations of contact area and
contact load in Qing et al. (2004), the paper further
modifies the equations, and proposes the effective
contact area (A4,) equation and contact load (F)
equation, as shown below, for the contact between the
asperity peak of polishing pad and each element of
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silicon wafer. It is supposed that abrasive particles
on the polishing pad are embedded only on the
effective contact area (Ar) between the asperity peak
of polishing pad and wafer, and these abrasive
particles are used to polish the wafer.

Ars = nAOT[B fhoo(Z — h)@(z)dz (3)
1

ars _ 3mp2 ' (2-We@)dz

F ~ 4E* (4)

-0z

Johnson (1985) used numerical integration to
perform integration of equation (4). But for h/c within
a range, the ratio of two integrals is approximately a
constant, so that equation (5) can be obtained:

1 BLF
A =C 1(;)ZE Q)
E*=1_vp2 1-v,2

E, E,

where E” denotes the equivalent Young’s modulus; v,
denotes Poisson’s ratio of polishing pad; v,, denotes
Poisson’s ratio of silicon wafer; E,, denotes Young’s
modulus of polishing pad; and E,, denotes Young’s
modulus of silicon wafer.

In equation (5), C is a constant. In Yu et al. (1993)
of the paper, the constant was derived and calculated.
From Johnson (1985), it is known that the ratio h/c of
polishing pad is generally between 0.5 and 3.0. When
h/o is between 0.5 and 3.0, C value is approximately
0.35. The polishing pad used in this paper and the
polishing pad used in Johnson (1985) are made by the
same company, and of similar model number.
Therefore, for the variables of equation (6), the paper
refers to the B and o values in Johnson (1985).

Theoretical Method for Calculation of Abrasive
Removal Depth of Single Element of Silicon Wafer

In Kim and Jeong (2004) of the paper, a pattern-
free polishing pad was used to polish wafer. It
mentioned that at any point, being position P, on
silicon wafer, the relative velocity v, of polishing pad
is expressed as the following equation:

Vwp = wprp\/(p()z + 2p{cos¢p +1 (6)

In this paper, it set the central position of each
element of silicon wafer to be at the abovementioned
position P on the wafer surface. Therefore, the actual
relative abrasive length per minute at the central
position of each element on silicon wafer is wy,Dy,p.
Dividing w,D,,, by each element’s lengthof L, can
achieve the relative number of polishing times FF per
unit time for the contact between each element and

polishing pad. Therefore, FF = Lplwp

The paper lets the size of each element of silicon

wafer be Imm x 1mm; therefore, L=Imm. Right now,
the wafer’s surface volume (Vol) that can be removed
by abrasive particle and expressed as the following

J. CSME Vol.43, No.5 (2022)

equation:
Vol = A, « ¢ (7

where
Vol: volume of wafer removed by a single abrasive
particle per unit number of polishing times
A, : cross-sectional area of abrasive depth J., of a
single abrasive particle
£ : moving length of abrasive particles per unit time

The paper supposes that the abrasive particles
on the effective contact area in each of the divided
element of silicon wafer are distributed evenly.
Therefore, the moving length £ per unit time of a
single abrasive particle within each of the divided
elements of silicon wafer is expressed as the following
equation:

¢ = w,Dy, ®)
where
Ap ~ % 6aw : 27ﬂa ~ 6aW\/ 6awD (9)

Besides, if N, denotes the number of effective
abrasive particles of each element of wafer, and the
unit volume concentration of the number of particles
in slurry is supposed to be y, and the average diameter

. S 2/, .
of abrasive particles is D, then (%) /3 is the number

of particles per unit volume in slurry. Since the
length of each element of wafer is Imm, the number
of effective abrasive particles of effective contact area
of a single element is (Zhao and Chang, 2002):
2 / 1

Ne=Ar-(Z) P =cErs ) (0
where A4,; denotes the effective contact area between
the asperity peak of polishing pad, which is for the
interface between single element’s position and
polishing pad, and each element of wafer surface. In
this paper, the contact between the asperity peak of
polishing pad and wafer is of Gaussian distribution,
which derives equation (5) of A4, to be used for
calculation.

The paper proposes a supposition that the
downward force borne by each element of wafer is:
F=F/n. Here, Fiw denotes the total down force
of CMP machine for polishing pad to press down to
wafer; n denotes the number of the divided elements
of wafer on the contact between wafer and polishing
pad. Furthermore, the paper derives a new equation
of down force F,, of a single abrasive particle in
polishing the wafer:

_ Ftotal
E, aw — n><—NE (1 1)
where N. denotes the number of effective abrasive
particles of each element on the effective contact area.
The total downward force Fiwm of polishing pad in
pressing down to wafer can be measured and known
by the experimental CMP machine. Besides, the
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number 7 of elements of wafer on the contact between
wafer and polishing pad is the number of the divided
elements of wafer. From the catalog provided by the
manufacturer, the volume concentration (y) of abrasive
particles in slurry can be known. Equation (10) can be
used to obtain N, and hence, F,, can also be
subsequently obtained. After substituting the contact
force F,, between a single abrasive particle and wafer
surface into the SDFE,.qction €quation (1) of silicon
wafer soaked in slurry at different temperatures and
different volume concentrations, the abrasive removal
depth Ad on wafer surface by a single abrasive particle
can be achieved:

Ad

_ AVXSDFEreqerion (12)

Faw

%nXAdZ X (R—g)XSDFEreaction

Ad =

(13)

FH.W
where R denotes the radius of abrasive particle.
Using equation (13), the quadratic equation in
one variable that takes Ad as a single variable can be
solved.

24F
3R— [9R2—_227aw
Ad = \ TXSDFEreqction _ 5

= > = Oaw (14)

The paper further substitutes equation (11) into
equation (14) to find the polishing depth §,,, of a
single abrasive particle on wafer surface:

F
total

24 NXNg )%
HXSDFETBaCin‘n

2

3R—(9R?~—

Ad = = (15)

Substitute the obtained J,, into equatio (9) and
equation (7) to acquire the effective removal volume
of a single abrasive particle of a single element on

wafer surface per unit time: Vol = 8,1/ 84D X L.
Besides, based on equation (8), £ = w,,D,,,,, and hence
Vol = 8qy+/ SawD X wpDyyyp.

Multiply Vol by the number N, of effective
abrasive particles of each element. Therefore, the
effective abrasive removal volume V,, of each
element per unit time is expressed as the following
equation:

Vpe = Vol X N, (16)

The paper proposes dividing V,, by the area Ao
at the position of a single element of wafer, to obtain
the average abrasive removal depth §,, per unit time
at the position of each element:

Vat
Bae = 5 (17)
Theoretical Equation for Calculation of Abrasive
Removal of Silicon Wafer Under CMP by a
Pattern-Free Polishing Pad

Therefore, after multiplying the effective
removal volume per unit time of a single element by
the number n of the divided elements of wafer
contacting the polishing pad, the effective removal

volume of wafer per unit time can be obtained. After
dividing the effective removal volume of wafer per
unit time by the area 4,, of wafer, the average abrasive
removal depth of wafer per unit time can be obtained.

After rearranging the above equations, the
following equation of abrasive removal depth d,
of silicon wafer per unit time is obtained:

2
Saw~/SawD X Wy DypXArs- (22X Bxn
dab _ SawyOaw 14 wp2 rs (nD3) (18)

TRy

In equation (18), Fiwm can be known from
measurement by CMP machine. The SDFEcsciion Value
of the chemical reaction layer of silicon wafer soaked
in slurry at different temperatures and different volume
concentrations can be known from calculation in AFM
experiment. The rotational velocity wy, of polishing
pad is a set value; and D,,, is known. By the time
the slurry is purchased, the diameter D of abrasive
particles is known to be 50nm, so that the radius R of
abrasive particles is 25mm. The number n of the
divided elements of silicon wafer can be known; and
the volume concentration y of slurry can be known as
well. Therefore, the abrasive removal depth d,;, of
silicon wafer per unit time of minute can be calculated
and known. As seen from d,, of equation (18), the
paper can derive an innovative theoretical equation of
abrasive removal depth per unit time of minute of
silicon wafer under CMP by a pattern-free polishing
pad and being affected by slurry at different
temperatures and different volume concentrations, as
shown in equation (18), which is of academic
innovativeness.

In the experiment, CMP of silicon wafer is
performed repeatedly for 5 times. The rotational
velocity of both the polishing pad and wafer is 60rpm;
and the downward force of CMP machine is 3psi
(equivalent to a downward force of 42.026N onto a 2-
inch wafer). For the experiment performed each time,
silicon wafer is polished for 20 minutes, achieving the
average abrasive removal depth of silicon wafer per
minute of the experiments done for 5 times. Under the
same conditions, and using the already derived
theoretical equation of abrasive removal depth of
silicon wafer per unit time of minute, the paper
simulates calculation of the abrasive removal depth
d,p per minute.

AVERAGE ABRASIVE REMOVAL
DEPTH PER MINUTE BEING CLOSE
TO THE EXPERIMENTAL VALUE

Regarding the CMP equipment being currently
used, in times of polishing, the slurry continuously
flows out on the wafer and polishing pad, and the study
can currently prepare slurry at different volume
concentrations at room temperature to do the CMP
experiment. However, in the CMP experiments with
great flow rate of slurry, it is still difficult to control
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the slurry temperature. But, this paper is able to
calculate the SDFE,.qction Values inside the
chemical reaction layer of silicon wafer soaked in
slurry at different temperatures and different volume
concentrations by using AFM experiment. Therefore,
the abrasive removal depth per minute calculated from
the theoretical model has considered the effects of
slurry at different temperatures and different volume
concentrations on the CMP of silicon wafer.
Therefore, it can apply the paper’s concept of average
difference ratio, use the simulated and calculated
abrasive removal depth per minute of silicon wafer
soaked in slurry at different temperatures and different
volume concentrations for CMP, and then employ the
average difference ratio value previously obtained in
the paper, to compensate and modify the calculation of
the numerical value of average abrasive removal depth
per minute being close to the experimental value.
After that, the obtained numerical value of this average
abrasive removal depth per minute being close to the
experimental value under different downward forces,
different rotational velocities, and with slurry at
different temperatures and different volume
concentrations can serve as an input numerical value
for regression analysis.

With the innovative concept aforesaid, it can
save a lot of efforts on doing experiments, and can use
a cost-saving theoretical model to calculate the
abrasive removal depth value being close to the
experimental value per minute of silicon wafer under
CMP by a pattern-free polishing pad with slurry at
different temperatures and different volume
concentrations, and under different downward forces
and different rotational velocities. Thus, this research
is of academic innovativeness.

The SDFE,qqction Values of the chemical reac-
tion layers of 4 silicon wafers soaked in slurry at
different volume concentrations of 20%, 30%, 40%
and 50% at room temperature can be substituted into
equation (18) to find d,,. Furthermore, from equation
(18), 4 abrasive removal depths per minute d,; ofsil-
icon wafer can be simulated and calculated. The paper
makes a comparison between the abovementioned
experimental result of silicon wafer under CMP by a
pattern-free polishing pad with slurry at different
volume concentrations, and the 4 simulated results of
abrasive removal depth per minute of silicon wafer
soaked in slurry at different volume concentrations at
room temperature, achieving an equation of difference
ratio between the experimental and simulation results,
as shown in equation (19).

Difference ratio =

(Simulation calculated abrasive removal depth per minute—
Experimental average abrasive removal depth per minute) (19)
Simulation calculated abrasive removal depth per minute

According to our past experience, such a
difference ratio value is approximately within a certain
range, and the change would not be too great.
Therefore, using the result with slurry at volume
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concentration of 50% and at room temperature as well
as the 4 difference ratio values of silicon wafer soaked
in slurry at 4 different volume concentrations at room
temperature, the average difference ratio value can be
obtained. Thus, using this average difference ratio
value, this study can make compensatory modification
of the simulated and calculated abrasive removal depth
per minute, thus achieving an average abrasive
removal depth value per minute that is close to the
experimental value. Therefore,
Average abrasive removal depth value per minute
being close to the experimental value
= Simulated abrasive removal depth per minute —
(Simulated abrasive removal depth per minute x
Average difference ratio value) (20)

After that, using the calculation method of
average difference ratio value, the paper finds the
average abrasive removal depth per minute being close
to the experimental result.

REGRESSION MODEL OF CMP OF
SILICON WAFER SOAKED IN
SLURRY AT DIFFERENT
TEMPERATURES AND DIFFFERENT
VOLUME CONCENTRATIONS

In general, Preston’s volumetric material
removal equation is commonly used in CMP, and is
expressed as MRR = KPV, where K is a constant; P
denotes the downward force; and V denotes the
rotational velocity. However, in order to calculate
the abrasive removal depth, a new regression equation
is used. As mentioned above, the abrasive removal
depth per minute being close to the experimental value
and newly obtained from calculation based on the
foregoing concept of difference ratio is MRR, .
Then the paper firstly makes regression calculation of
the equation MRR, =k, P%VPe  where k. is a
constant; P denotes the downward force; and V
denotes the rotational velocity of both wafer and
polishing pad. The values of k,_, o, and f, canbe
acquired by the following method and equation:

MRR, = k, P%VPe (21)

A natural logarithm (El-Kareh, 1995), so that equation
(21) can be changed as

InMRR, = Ink, +a,InP + B.InV.

This equation is equivalent to

y= Bo+ Bixr+ Baxz (22)
y =InMRR,, Bo=1Ink, , x; =P, x, =1V,
B1 = s B2 = Pe;

Therefore, Y = X.

Use the least square method, and then multiply it by
X', achieving X'Y = (X'X)f.
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Therefore,
~ [Bo
f=XX)'(X'Y') and f = Iﬁll (23)
B

From the matrix of equation (23) aforesaid, it can
calculate k,, = efo, a, = By, B, = B,, and further
find the regression equation of MRR, = kpe X P% x
VBe,

Furthermore, this study tests whether the
regression result obtained from MRR,. equation as
well as the R-square value of the average abrasive
removal depth per minute being close to the actual
result are excessively less than 1, or whether the
average residual is excessively greater than 0. If
positive, the paper would consider adding to the
MMR, regression equation a compensatory
regression equation of Sy, and Syye With
consideration of the effects of slurry at different
temperatures and different volume concentrations, i.e.
MRR, = kp,, X P% x VPe + S, .+ Sype ; For the
compensatory regression equation of Syce, Syce =
MRR,-(kp, X P X VPBe).  Here, the paper lets Syce
be a quadratic regression model; S, = V,ce; and the
volume concentration of slurry be x,,.,.

< Yvce = ﬁmwe + ﬁlvcexvce + ﬁmwexi%ce (24)
- MRR, = kpePaeV'Be + (.80vce + BrvceXvee T
.[;Zvcexgce) = kpePaeVBe + Syce (25)

This paper also simulates calculation of the
experimental average abrasive removal depth per
minute being close to the experimental value, with
slurry at different volume concentrations under a
different downward force, a different rotational
velocity and at room temperature, and then calculate
the MRR, value of the abrasive removal depth per
minute obtained from the regression equation under
the same condition. The paper makes comparison
between these two results, and proves that the
regression equation is reasonable.

According to our past experience in doing
researches, in general, the rise of slurry temperature
would affect the abrasive removal depth per minute,
and can achieve a greater abrasive removal depth per
minute. Therefore, during regression analysis, the
effects of different slurry temperatures should also be
considered. In this study, it thus adds a compensatory
regression equation of S;,. with consideration of the
effects of slurry temperature: Sy, = MRR, -
( l<peP°‘eVBe + Sy, ). Let Sime be a quadratic
regression model, SO Sime = Vime-

And in Yy = Botme + BitmeXtme + BZtmeXthes
Xtme denotes the slurry temperature.

Therefore,

MRR= kP VPe+S, . +S;me=kpP%VFe +
ﬁOVCe:-I'ﬁlvcexvce + ﬁ2vcex1§ce + ﬁotme +

Bltmextme + BZtmextzme (26)

Then, this study compares the result of average
abrasive removal depth per minute being close to the
experimental value simulated and calculated by using
a group of unused downward force, rotational velocity,
different volume concentrations of slurry and different
slurry temperatures during establishment of the
regression equation aforesaid, with the result
calculated by the regression equation, to prove the
rationality of the regression equation.

RESULTS AND DISCUSSION

Simulation Result of The Theoretical Model of
Silicon Wafer Under CMP by A Pattern-Free
Polishing Pad

From the theoretical model-based simulation
results of abrasive removal depth per minute, it finds
that the abrasive removal depth per minute can be
easily affected by the change of the temperature and
volume concentration of slurry, downward force as
well as rotational velocity. First of all, this study uses
the slurry temperatures at 23°C, 30°C, 40°C and 50°C,
downward force of 3 psi, rotational velocity of 60 rpm,
as well as a fixed volume concentration of slurry at
20%, to do experiments. As seen from the AFM
experimental results, the SDFEraiion values are

0.016772HN "My o 0.016438HN MMy

0.016352#N "M/ and 0.0162084N MY

respectively. The paper analyzes the simulation results
of abrasive removal depth per minute of the theoretical
model. As seen from the simulation results, the
obtained abrasive removal depths per minute are
23.0627nm/min., 23.3524nm/min., 24.2589nm/min.
and 32.1839nm/min. respectively. It can also use a
fixed slurry temperature of 30°C, 3 psi, 60 rpm, as well
as the volume concentrations of slurry at 20%, 30%,
40% and 50% respectively to do AFM experiments
and simulations. As seen from the AFM experimental
results, the SDFE cqction values are

0.016633#N "M/ o oo16282HN MYy

0.016102#N "M/ and 0.0159434N MYy

respectively. The paper also analyzes the simulation
results of abrasive removal depth per minute of the
theoretical model. From the simulation results, it can
obtain the abrasive removal depths per minute, being
23.3524nm/min., 25.0534nm/min., 26.9911nm/min.
and 29.1126nm/min. respectively. Therefore, it is
known that under the same slurry volume
concentration, the same downward force, the same
rotational velocity, as well as the increased
temperature of slurry, the abrasive removal depth per
minute would be increased. This is because under the
same volume concentration of slurry, the higher the
slurry temperature, the more easily the chemical
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reaction layer of silicon wafer would be softened; and
this would made the SDFEcction Value decreased, and
hence, the abrasive removal depth value per minute
would be greater. A greater volume concentration of
slurry indicates that there is a great number of
abrasives in slurry. Thus, when the surface of silicon
wafer is being polished by a pattern-free polishing pad,
the removed volume is greater. Therefore, after
dividing the removed volume by the surface area of
silicon wafer, the abrasive removal depth per minute
would be relatively greater.

Regression Analysis of CMP Simulation Result of
Silicon Wafer

Under the multiple conditions that a pattern-free
polishing pad is used, the volume concentrations of
slurry are 20%, 30%, 40% and 50%, the temperatures
of slurry are 23°C, 30°C, 40°C and 50°C, all of which
are matched with different downward forces of 1psi,
1.5psi, 2psi, 2.5psi and 3psi, as well as different
rotational velocities at 20rpm, 30rpm, 40rpm, 50rpm
and 60rpm, the paper uses the theoretical simulation
result of the abrasive removal depth value per minute
to serve as the input value, and employs the least
square method to perform regression analysis,
acquiring the regression result of MRR = ka“VB.
When the slurry is at different volume concentrations
and temperatures, the values of o and 8 are all 1.0059
and 1 respectively, only that k;, value changes with
different temperatures and different
concentrations of slurry.

volume

Analysis on The Difference Ratio of CMP
Experimental Result of Silicon Wafer at Room
Temperature

This paper makes the 6 groups of CMP
experiments of silicon wafer polished by a pattern-free
polishing pad at room temperature with different
volume concentrations of slurry, under different
downward forces and different rotational velocities: (1)
20%, 3psi, 60rpm; (2) 30%, 3psi, 60rpm; (3) 50%, 3psi,
60rpm; (4) 40%, 2psi, 40rpm; (5) 50%, 2psi, 40rpm;
and (6) 50%, 1psi, 60rpm. Then the paper compares
the theoretical simulation result of abrasive removal
depth for CMP by a pattern-free polishing pad with
slurry at different volume concentrations at room
temperature, with the above 6 CMP experimental
results of abrasive removal depth. The paper calculates
the theoretical simulation values of individual abrasive
removal depth per minute of the polished wafer soaked
in slurry at different volume concentrations at room
temperature, and obtains them in the above 6
experiments, as well as the average difference ratio
values of the experimental average abrasive removal
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depths per minute, being 4.05%, 4.16%, 4.23%, 4.26%,
4.35% and 4.19% respectively. The paper also
calculates the average difference ratio value, which is
approximately 4.2%.

Although the average difference ratio of the
theoretical simulation result to the experimental result
of abrasive removal depth per minute is approximately
4.2%, it can still be proved that the paper’s established
theoretical model of abrasive removal depth of silicon
wafer under CMP by a pattern-free polishing pad with
consideration of the chemical reaction effects of slurry
at different temperatures and different volume
concentrations is still reasonable.

Result of Average Abrasive Removal Depth Per
Minute Being Close to The Experimental Value At
Different Temperatures and Different Viume
Concentrations Simulated From the Modified
Theoretical Model

The paper uses the abovementioned average
difference ratio value of 4.2% to calculate the new
theoretical simulation result of the average abrasive
removal depth per minute being close to the
experimental result, with slurry at different
temperatures and different volume concentrations.
These theoretical simulation results of the average
abrasive depth per minute being close to the
experimental value serves as an input value of the new
regression equation. The volume concentrations of
slurry are 20%, 30%, 40% and 50%, and the
temperatures of slurry are 23°C, 30°C, 40°C and 50°C,
all of which are matched with different downward
forces of 1psi, 1.5psi, 2psi, 2.5psi and 3psi, as well as
different rotational velocities of 20rpm, 30rpm, 40rpm,
50rpm and 60rpm. The paper uses the least square
method to perform regression analysis, obtaining
MRR, = kpeP“eVBe, which is the regression equation
of the average abrasive removal depth per minute
being close to the experimental result, with slurry at
different temperatures and different volume
concentrations. From the regression result, the values
of a, and . with slurry at different temperatures
and different volume concentrations can be obtained,
and are all 1.0059 and 1 respectively, only that kpe

value changes with different temperatures and
different volume concentrations of slurry. The paper
finds the kpe values with slurry at different volume
concentrations of 20%, 30%, 40% and 50% and
different temperatures of 23°C, 30°C, 40°C and 50°C.
Table 1 shows the equation of MRR, = kpeP"‘EVl3e
with slurry at the temperature of 30°C and different
volume concentrations. In this equation, there are
different kpe values.

-406-



Z.-C. Lin et al.: Different Temperatures and Volume Concentrations of Slurry to Esitablish Simulation.

Table 1 Regression equationMRR, = kpeP"‘eVBe with slurry at temperature 30°C and different volume

concentrations
Volume concentration Regression equation
k, =0.1541, a.=1.0059, B.=1, R?=0.999992
50% MRR,= 0.1541P1059 /1 Pe %=1.0059, B
Average residual=0.00004
k, =0.1429, a.=1.0059, B.=1, R%=0.999991
40% MRR = 0.1429P10059 /! Pe ®=1.0039, B
Average residual=-0.000002
k, =0.1326, a.=1.0059, B.=1, R?=0.999992
30% MRR = 0.1326P 059 /! Pe ®%=1.0059, Be
Average residual=0.000004
k, =0.1327, a,=1.0059, Bc=1, R?=0.999992
20% MRR,= 0.12379059 /! Pe ®%=1.0059, Be
Average residual=-0.000002

Finally, the paper calculates the results of
average abrasive removal depth per minute being close
to the experimental result, and the regression results of
MRR, = kpcP“VPe. As known from the calculated
results, the difference are all less than 0.26%, which is
within an acceptable range since the difference in
practical application is below 1%, and is also a result
that can be conveniently used for calculation under a
fixed volume concentration of slurry, different
temperatures of slurry, different downward forces and
different rotational velocities. From here, it is known
that the equation MRR, = kpePo‘eVBe with slurry at a

fixed volume concentration is acceptable.

Compensatory Regression Result of Average
Abrasive Removal Depth Per Minute Being Close
to The Experimental Result with Slurry at
Different Temperatures and Different Volume
Concentrations After Modification of
Compensatory Regression Equation by Average
Difference Ratio Value

This paper uses the difference value with
consideration for Sy, = (Simulation value of average

abrasive removal depth per minute being close to the
experimental value after modification —kpeP“eVBe)
as well as Sy,, = Simulation value of average
abrasive removal depth per minute being close to the
experimental value after modification
—(kpeP"‘eVBe + Syc,) to calculate the difference
values of Sy., and Sy, with slurry at different
temperatures and different volume concentrations,

under different downward forces and at different
rotational velocities.

After regression analysis,
equations are acquired:

MRR, = kpeP“eVBe + Sye, and
MRR, = kpepaevﬁe + Sycy + Stme-
Furthermore, this paper can calculate the regression
result of average abrasive removal depth per minute of
the polished silicon wafer being close to the
experimental value.

This paper compares the result of average
abrasive removal depth per minute being close to the
experimental value, simulated and calculated by using
a group of unused downward force, rotational velocity,
different volume concentrations of slurry and different
slurry temperatures during establishment of the
regression equations aforesaid, with the results
calculated by regression equations. For example,
Table 2 shows the -equation of MRR, =
kpe(x, y)PeVBe + S o» Which is the compensatory

these regression

regression equation of average abrasive removal depth
per minute, being close to the experimental value, with
slurry at the temperature of 50°C and different volume
concentrations after having considered the volume
concentration and temperature of slurry. For
example, Table 3 shows the equation of MRR, =
kpePU‘eVBe + Syce T+ Stme’ which is the compensatory

regression equation of average abrasive removal depth
per minute, being close to the experimental value, with
slurry at the temperature of 40°C and different volume
concentrations after having considered the volume
concentration and temperature of slurry.

Table 2 Compensatory regression equation MRR, = kpeP"‘GV[’e + Syc, of average abrasive removal depth per

minute being close to the experimental value, with slurry at the temperature of 50°C and different volume
concentrations, and different downward forces

Volume concentration Downward force

Regression equation MRR, = k},eP“eV"e + Sve,

Ipsi MRR=0.1704 P" V' + (-326.72668+1337.726x,-1368.5714xy, %)

50% 1.5psi

MRR,=0.1704 P! V' + (-203.36103+748.8907x,¢,-684.2857 1X,¢, %)

2psi MRR,=0.1704 P! V' + (327.0473-1338.3679% ¢, +1368.571%,c,?)
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2.5psi MRR,=0.1704 P! V' + (6.914757-13.835048% ¢, +0.0000000254x )
3psi MRR,=0.1704 P' %% V' + (-312.41169+1309.085%,,-1368.5714x,,2)
1psi MRR,=0.1573 P19 V' + (120.8434-575.83689% ¢, +684.2857x,,?)
1.5psi MRR,=0.1573 P! V' + (85.34917-487.05705% ¢, +684.2857%,c,?)

40% 2psi MRR=0.1573 P V! + (-11.904663+29.77655%,¢,0.0000000508x, )
2.5psi MRR,=0.1573 P! %% V' + (-105.11354+536.4926%,,-684.2857 1%y, ?)
3psi MRR,=0.1573 P! V' + (130.909-601.01339x,, +684.2857%yc, %)
1psi MRR,=0.1472 P V! + (69.91442-438.35214x,,+684.2857X,,2)
1.5psi MRR=0.1472 P! V! + (45.24264-356.05775X, ¢, +684.2857Xy, 2)

30% 2psi MRR,=0.1472 P V' + (115.6191-795.9515 1%y, +1368.57 1%y, 2)
2.5psi MRR.=0.1472 P! V' + (3.940307-13.143118,,-0.00000000002206%,,,2)
3psi MRR,=0.1472 P! V' + (39.2855-2684.89187x,, +1368.571x,c,?)
1psi MRR,=0.1355 P! V' + (32.62772-300.0214x,¢, +684.2857%,c,2)
1.5psi MRR,=0.1355 P! V' + (17.45605-224.0876X,, +684.2857%yc, %)

20% 2psi MRR=0.1355 P! V' + (-59.362287+570.5482x,c,-1368.5714x,¢, %)
2.5psi MRR,=0.1355 P! V' + (30.10761-287.40846% ., +684.2857x,,?)
3psi MRR,=0.1355 P! V' + (39.47979-334.31642x ., +684.2857x %)

Table 3 Compensatory regression equation MRR, = kpeP"‘eVBe + Sy, Stme of average abrasive removal

depth per minute being close to the experimental value, with slurry at the temperature of 40°C and different
volume concentrations, and different downward forces

Volume concentration | Downward force Regression equation MRR, = kpel""eVBe + Syco + Sem,
_ MRR=0.1603 P V' + (185.8847-713.92403x ¢, +684.2857Xy, 2)+( 63.54-
Ipsi 0.239958X 1y,,-0.00378483 X, %)
_ MRR,=0.1603 P V' + (-372.88884+1430.088X ¢, - 1368.57 14Xy, 2)H(-
1.5psi 91.074135+7.245716329%y,,,-0.14845103x,,.2)
s0% 2psi MRR=0.1603 P V' + (327.7067-1339.6873x e, +1368.57 1 Xye, 2)H-
8.833532+0.384978 Xy, +0.00000351112646% . ?)
25psi MRR,=0.1603 P V' + (-314.56414+1313.392%,,- 1368.57 1 4x,¢2) +(-
: 37.7756996941518+0.522266X 1,,,-0.36438 5. %)
, MRR,=0.1603 P'™% V1 + (-314.56414+1313.392x,c,-1368.57 14x,¢,2) +(-
3psi 66.436167+6.1740345X 1y . -0.142857142847756X 1. 2)
_ MRR,=0.1484 P'%% V' + (11.00649-27.53Xy,-0.000000006373x,. 2) +(5.060004082-
Ipsi 0.22504% 5y, +0. 5127 TX 11 2)
_ MRR,=0.1484 P'% V1 + (-131.97473+603.679X,c,-684.2857 1y, %) +-
1.5psi 90.0676+7.2016974784X 5y, -0.142856517 1X75,%)
0% 2psi MRR,=0.1484 PM0% VT + (1120.25869+574.3742%c,-684.2857 1x,c, 2)+H(29.551677-
2.92771245% 1, +0.0714285714261846X1,..2)
2 5psi MRR ,=0.1484 P VI + (114.5788-560.16754x ¢, +684.2857Xye, >)H(-
: 75.7831439194+6.58865 Ty, -0. 142886865 1 Xy, %)
, MRR,=0.1484 P V' + (-88.540498+495.0392x ¢, -684.2857 1 Xy¢, 2)+(-
3psi 29.4013742+2.92116968362X . -0.071428536606X 1, 2)
_ MRR,=0.1392 P' "% V' + (131.1753-847.83989% ¢ +1368.57 1x,c, )+(6.67000054-
Ipsi 0.28996614% . -0.00000007359469554x 1, 2)
0% L spsi MRR,=0.1392 P VI + (46.11015-358.95162x¢, +684.2857x,c, 2)+(-
: 86.44556+7.04139508% ;. -0.14285786685X 1y, 2)
2psi MRR,=0.1392P'" 9 V1 + (54 41474-
386.65207Xye, +684.2857,.c, 2)+(3.999328+0.1738855256X 1, +0.01711312618 7,1, %)
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25psi MRR,=0.1392 P'"% V' + (3.761308-12.546057xy¢,-0.000000000018 14x,.¢, 2)+(-
: 33.13+3.17870871X,5,,-0.0714285714140339%,,.2)
, MRR,=0.1392 P™™% V1 + (15.12779-50.459604x,¢, +0.000000038x ., 2)+(107.94666-
3psi 92.64864Xn,+1.903462X 1y 2)
. MRR=0.1285 P V' + (50.8347-572.9124x ¢, +1368.57 Ixye, ) +(77.86312-
Ipsi 6.53307X . +0.136857X 1y, %)
_ MRR,=0.1285 P'™% V' + (18.08986-227.25953% ¢, +684.2857xye, 2 ) H(-
1-5psi 48.1769939+3.73756366X 75,-0.092018% . %)
MRR,=0.1285 PI0% V1 + (-
20% 2psi 4.1405506+20.72348x, +0.000000000278% ., 2)+(150.0109462-
131.31779317X g +5.5737948X 15, 2)
, MRR,=0.1285 P'™% V' + (57.5528-56 1. 49149% ., +1368.57 1x,c, 2)+(494.5966-
2:5psi 6.73700842588655X 1, +0.2837107X 1. 2)
, MRR,=0.1285 PM% VI + (-15.787833+215.738 X, -684.2857 1 Xy, 2 ) (8.68409455-
3psi 7.186385% g, +0.2833424x1,.2)

From the difference between the results of
average abrasive removal depth per minute being close
to the experimental value and the regression results of
MRR, = kpeP“eVBe, it is known that each of the

difference is less than 0.26%. From the difference
between the results of average abrasive removal depth
per minute being close to the experimental value as
simulated from the theoretical model and the
regression results of MRR, = kpeP"‘eVBe + Sy, it is
known that each of the difference is less than 0.17%.
From the difference ratios between the results of
average abrasive removal depth per minute being close
to the experimental value as simulated from the
theoretical model and the regression result of
MRR, = kpepaevﬁe + Syce + Stm,, it is known that
each of the difference is less than 0.09%.Therefore, it
can be seen that after adding the compensatory
regression equation of Sy, its difference from the
modified simulation result of average abrasive
removal depth per minute being close to the
experimental value is smaller. Besides, after
compensation by S,., and addition of the

compensatory result of Sy, its difference from the

simulation result of average abrasive removal depth
per minute being close to the experimental value is
even smaller.

CONCLUSION

The paper establishes the theoretical simulation
model of the removal depth of silicon wafer under
CMP by a pattern-free polishing pad, employs

regression analysis theory and analyzes the
experimental results, achieving the following
conclusions:

1. For the abrasive removal depth of silicon wafer
with slurry at different temperatures and different
volume concentrations, the higher the slurry
temperature and the greater the slurry’s volume
concentration, the deeper the abrasive removal
depth. This is because with the increase in the

temperature of slurry, the SDFEccion Would be
lower, and then the abrasive removal depth would
be inversely proportional to the SDFEcaction-
Besides, as the volume concentration of slurry is
greater, there would be more abrasive particles
performing polishing, so that the overall average
abrasive removal depth of silicon wafer would be
greater. Regarding the abrasive removal depth of
silicon wafer with slurry at different temperatures,
the higher the temperatures of slurry, the deeper the
abrasive removal depth. This is because the higher
the slurry temperature, the more easily the surface
material of silicon wafer would be softened, so that
the abrasive removal depth would be greater.

2. Applying the concept of average difference ratio
value, and for the silicon wafer soaked in slurry at
different temperatures and different volume
concentrations, the paper makes calculation and
obtains the compensatory equations for the
regression equations of average abrasive removal
depth per minute being close to the experimental
value:

MRR, = kpepaevﬁe,

MRR, = kpeP“eVBe + Sy, and

MRR, = kpeP“eVBe + Svce + Stme~

Besides, it can be seen that after adding the
compensatory regression equation of Sy, its
difference from the simulation result of average
abrasive removal depth per minute being close to
the experimental value is smaller. And after
compensation by Syc, + Sm,, if Sgm, 18 added
for compensation, the difference would be smaller.
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