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Introduction
Process fluctuations, which are due to lithography, etch, thin 
film, and diffusion process variation, are inevitable in practice. 
The major in-line variation include:

In-line poly CD variation;
In-line gate oxide thickness variation;
In-line channel profile variation and so on…

The major end-of-line (EOL) variation for transistor include:

Threshold voltage (Vth) variation;
Saturation current (Idsat) variation;
Off-current (Ioff) variation and so on…



Approach
To correlate these in-line variation to the EOL variation in 
a systematic and quantifiable way, a set of compact model 
for threshold voltage [1] and drain current [2] from XSIM 
has been employed.
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The model is chosen as it is derive analytically and made 
up from in-line device parameters, such as Tox, Leff, Ns, Xj
and so on…



Threshold Voltage Model
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Drain Current Model (I)






 +

=
2
gege

gg
ge

W1W

V
Vlkdeddmds IIII ++=

deff

4dsd

4d
dm

V
IR1

II
+

=

( ) g
LEV1

1II
effsatdeff

3d4d ×
+

×=

ge
eff

oxeff3d V
L
WCI µ=

( )( )tmdsdtm

tm

offthgs
oxde

de
tm

thgs
tm

gg

VVexp1CV
nV2

V2VV
expCnV2

1

V
nV2

VV
exp1lnnV2

V

−−








 −−
−

+


















 −
+

=

( )( )tmdsb

tm

thgs

ge VVexp1A
nV2

VV
expn

W
−−








 −

=








 −−
−+


















 −
+

=

tm

offthgs

d

ox

tm

thgs
tm

geff

nV2
V2VV

exp
C
nC21

nV2
VV

exp1lnnV2
V











−=

geff

deffb
deffde V

V
2
A1VV

( ) 



 +−−+−−−= dsat

2
dsdsatdsdsatdsatdeff V4VVVV

2
1VV δδδ



Drain Current Model (II)
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Drain Current Model (III)
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Experimental Data

The EOL parameters from seventeen sites of measurement 
(cross symbols); the fitted model (lines) for different channel 
length. 
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The data are from 0.25µm CMOS technology, CSM



EOL Parameters Variation from 
Model
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Vth, Ion, Ioff variations due to small fluctuation of channel length, oxide 
thickness and channel doping. Solid lines: -10% of nominal value; Dotted 
lines: +10% of nominal value.



Model for Manufacturing 
Fluctuation Study
A well-calibrated physical model [1,2] is a useful tool for 
determining the possible cause for resultant device variation. 
Based on the analytical model, a mathematical expression 
that relates threshold voltage variance in terms of process-
related parameter variances [3] is shown as, 
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Model for Manufacturing 
Fluctuation Study

Similarly, for Ion and Ioff,
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All the quantities are normalized, which is indicated by the symbol δ, that 
is                             .            and                 are the normalized variance and 
the sensitivity rate of threshold voltage with respect to channel length, 
respectively. 
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Sensitivity Rate (Vth)

Sensitivity Rate (%/%)
Threshold Voltage, dδVth/dδx
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Histogram showing normalized Vth sensitivity rate to ∆L,
tox and Ns for long-, medium-, and short-channel devices .



Sensitivity Rate (Ion)

Sensitivity Rate (%/%)
Turn-on Current, dδΙon/dδx

-1.6 -1.4 -1.2 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8-1.0 0.0 1.0

Lg=10µm

Lg=0.5µm

Lg=0.2µm

∆Lg

tox

Ns

Histogram showing normalized Ion sensitivity rate to ∆L,
tox and Ns for long-, medium-, and short-channel devices .



Sensitivity Rate (Ioff)

Histogram showing normalized Ioff sensitivity rate to ∆L,
tox and Ns for long-, medium-, and short-channel devices .
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Application (I)
Compute the normalized 

variances for EOL 
parameters.

Measure EOL 
parameters from various 

sites or wafers.

Determine the major in-
line parameters that 

affect EOL parameters.

Solve simultaneous
equations based on 
process fluctuation

models.

Deduce normalized 
variances for major 
in-line parameters.



Example
The long-channel example below presents the concept of 
determining process fluctuations from electrical parameter 
measurement fluctuations. Based on previous expression,
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where R1 and R2 are the residue variance of Vth and Ion, 
respectively, due to other process-related parameters.



Example
Since R1 and R2 are not known, the following inequality equations 
can be formulated,
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(σδtox)2 and (σδNs)2 lie in the overlap region A. The maximum 
normalized variance of tox and Ns is 1.9x10-5 and 5.5x10-5, 
respectively. This in turn is translated to maximum standard deviation 
of  0.26Å and 2.38x1015cm-3, respectively for the 0.25µm process.



Application (II)

Shaded region is where specifications are met.
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Threshold Voltage (V)

Effective Channel Length (µm)
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Application (II)

2-D contour plot of Vth for various
implant doses and channel lengths.

3-D mesh plot of Vth for various
implant doses and channel lengths.



Conclusion
A compact model has been employed to quantify and 
correlate EOL ET parameters with in-line process-related 
device parameters. 
The approach has shown new possibility of applying 
physics-based compact model in the field of manufacturing 
design and fluctuation study.
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Question & Answer

Thank You………
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