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What 1s CMP?

Planarizingprocesscombination o£hemical and Mechanical
forces.

Hybrid of chemical etching, mechanical abrasion and free
abrasive polishing.

Used on metals (Al, Cu, W, etc.), dielectrics,,(8tQ) and
hard ceramics3iG TIN etc.)

Achievesocal and globalplanarization, most preferred in
semiconductor industry.

The overall CMP market exceeds $10 billion and is growing :
a rate of ~ 50% per year.

With wafer sizes going above 300mm and feature sizes goin
below 30nmgchief determinant of wafer yield and cost.



What iIs CMP?

Polishing slurry
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Ref: http://www.icknowledge.com/misc_technology/CMP.pdf



Quality challenges in CMP

A Complex process dynamics and interactions among
Equipment
Consumables (i.e. slurry, pad, carrier film)
Process parameters

A Large number of parameters affecting the process
A High capital costs
A Quality Indices:

Procesg

A Material Removal Rate (MRR)

A Repeatability

ProducH

A Within wafer noruniformity (WIWNU)
A Surface roughness
A Defects

High requirement of quality vs. césteed for understanding tk

process dynamics and improve process monitoring
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Gaps In technical approach

It is still not fully been understood how the process parameters
affect the performance

Significant analytical work focuses only on the static loading
aspects

Sensors have been used to monitor and predict process feature
mainly statistical

MEMS wireless sensors not much explored

Vibrationd one of the few reatime parameters, experimental
data is scarce.

Need for Realtime estimation of state of the process and
dynamics from the sensor featurgsadvanced prediction
capability for online CMP process congsotive control)



Sensor based modeling of CMP

Sensors are used for process monitoring and modeling.

Sensord Give information about state of the machine,
process, and pad/wafer.

Few reaitime sensors availab@optical, vibration,
acoustic emission, ultrasonic, thermal, etc.

We usedMEMS wireless vibration sensors

MEMS
Lightweight
Robust
Low energy consumption
Wireless
Can be placed in close proximity to the object.
Flexibility
Vibration
Dynamic response higher than other sensors
One of the best for realime monitoring



Approach

An attempt to develop a model
of CMP dynamics that can
physically capture the cause of
the various vibration features
observed:

Obtain pad parameterssuch as

elasticity(E), curvature of

asperitieq a,), pad asperity .
deﬁsit;(qg), S)etc. Machine Proces

(Eetts Gs» Ky
Obtain themean distance of | (M K. ¢ &, /)

. | do, + (2))
separation(d,) for static
loading conditions

Use these parameters in the
dynamic simulation model

Verify the features of the
simulation data with those
obtained from the sensor signals



Forces in CMP

Original position of wafer above Vibration
/ the asperities (mean of vibrations) Wafer /Amplitude

Mean of the asperity
Gaussian distribution (fixeyl
asperity x=0
distribution Pad
~N(0, (i 2)

ARelatively flat, hard wafer in contact with a rough pad surface.

APad asperity heights and wafer position are measured from the mean pad surface
plane.

AVibrations are developed due to the elastic deformations in the pad asperities.



Forces in CMP

When the wafer rests on the pad at a distancé&om the

mean, the prob. of making contact with any asperity of heigh
Z(Z2>X) Is:

prob(z > x) = fmﬁ)(z)dz

The expected total Ioad IS:

_ 4nsA
p = 2hen” (o

d.is the asperity denS|ty on the surface.

K. is the curvature of the asperity summits.

E'isthe2D Youngd6s modulus of the g
A..m IS the nominal area of the pad surface.

Ref.Greenwood, J. A. & Williamson, J. BO&6 Contact of nominally flat surfaces.



Static distance of separati@no)

d, was calculated using minimizing the function:
f(do) =| P, — A. OO(Z - do)3/2 . (Z)(Z)le
do

Ran for various values df in the appropriate range teaearch for minima
(tending to G)d, calculated to 0.1% erromntegraldiscretized

Variation in do value with changeRpnisina c c or dance wi t
result{Greenwood & Williamson 1966)

Objective value

Objective function =>d Variation of do with down-force
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Structural Excitation

jx Po
Wafer 8 mass (m)

)

ﬁ-Anominai CX ks (x - do)

mi + cx + ky(x—d,) = (P, — P- Anominal)

P, Is the constant down
force acting on the wafer.

cl s the syst
damping coefficient.

K. IS the spring constant
of the additional
elasticity in the system.

d, s the distance of the
mean position from the
datum.



Harmonic Perturbation

wafer
\

CMP setup always has
slight lack of local/global
planarity.

Level difference is given by:
A= 2r.tanf
As/ Is very small,
tanf = 0 = sinf
If the wafer RPM is N, a

perturbation is introduced
to the disturbance given by:

X3 = Asin (2nNt/60)
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Variation of effective elasticity with x

10 20
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Variation of pad elasticity witk

Pad material is not
homogenous with
deflection.

Can be decomposed into
asperity region and bulk
region.

Bulk has large effective

elasticity, g valued all
air voids compressed.



Variation of pad elasticity witl
e

1 Lower dowrforce lHigher dowrforce

Wafer

Wafer

AGreater do ASmallerdo
ALower value of E AHigher value of E
AlLarge number of voids ALesser number of voids

beneath the asperity layer beneath the asperity layer.



Variation of structure stiffness with x

Additional springorce due to the structure, introduced

Into the system.

Stiffness also changes with x.
Change In stiffness similar 1g.E

Variation of k with x
v T
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SEM crossection of a polishing pad.
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Implementation details

4 Overall differential equation:
Go w To Q) 0 1 T (@ e T (@ o) (@ o)
3
i X3 1S the harmonic perturbation introduced into the system:

Y
i 2 degree of freedom, nehnear model of the CMP process
i Model was implemented $1mulink
4 Solver variable step, ODE43)ormanePrince)

A Simulation tim&: to 40 seconds

A Initial conditions:
Force(RHS) B,
Acceleration =0
Velocity =0
Displacement €,
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sigma’

sigma

LHS
X
eta eta
eta
k k
k
E_st E_st
E st
Ll out1 Po = po
Force Po
mean1 mean1
area_nom meanf -C-
area_nom

Disty

rbance block

sig_slope

sigma1

RHS -- pro-force

-C-
sig_slope

Simulink Model




acceleration magnitude

Disturbance block:

sensor signal

fil A L S R
< |HI il b Wl
-100 ..... ‘ ......... | SN N (3 G ‘

____________________

........................................................

time (seconds)

P
—pu  fon
_ y—»{1
»[5i0_slope x + dist
A+ disturbance
=ine Wave
5ig_slope

C Add a perturbation as a sine wave.

C Check whether the displacement stays
above a basic minimum value (6 um, in
this case).

C Feed the displacement into the RHS
force calculation block.



g

sigma1@

eta
3O
k
Smoothening E &
moothening = Po
—(8) E_st-Disp

sig_slope mean-

—(D D
E st area_nom

Embedded fn to calc. the nominal pressure distribution
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RHS calculation block



=

5 , Acceleration Displacement
assuming
mass = 200g — (2D ?
pro_force E. m*acc b@ acc acc ' vel ' ISp
B Subtract 1/mass Integrator Integrator1
¢ - damping

K force

additional spring force

LHS calculation block
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Experimentation detalls

Machine:
Buehleiecome250 grinderpolisher

Sensors:

FreescaldMMAG2xxQ

A Lowg, duataxis sensor

A High resolution in the range of 1.5g to 10g.
A Low noise

A Low current device

Wireless communication system:

Tmotesky

A 250kbps 2.4GHz IEEE 802.15 Aipcon
Wireless Transceiver

A 8MHz Texas Instruments MSP430
microcontroller (10k RAM, 48k Flash)

A Integrated ADC, DAC, Supply Voltage
Supervisor, and DMA Controller

A Ultra low current consumption




Experimentation detalls

Design of experiments (DOE):
Full factorial design having three factors and two levels :
Run ID Load (bf) Pad RPM Slurry ratio

R1 10 500 1:3
R2 10 300 1:3
R3 5 500 1:3
R4 5 300 1:3
R5 10 500 1:5
R6 10 300 1:5
R7 5 500 1:5
R8 5 300 1:5

Wafer - Copper work piece

Wafer RPM is constant at 60

Slurry- alumina slurry having an abrasive size @105
Polishing pad Microclothpad from Buehler.



Experimental Data

acceleration

50 100  Frequency (Hz)

150

200

250




Region of interest in the FFT spectrur

0 30 60 90 120 150 30 60 90 120 150

4 Vibration sampled at 300Hz
i Region below 100Hz corresponds to the machine frequency

i Region above 100Hz corresponds to the process frequency and
of interest (100Hz to 150Hz)







































