| Device Characterization
Using Support Vector
Machines

1. Introduction

David Lin 4A2td Traditional methods of testing wafers can be very time consuming and

(E=et=Fe) , costly. This is due to the fact that each wafer and every die on the wafer
Dan Muniz diz3d '
(BR=FE0Y

Chia-Jiu Wang =+ is not uncommon to take more than one working day to measure

(BR=ZF0) : electrical test (e-test) data from a single wafer. A wafer lot usually

must be thoroughly tested using a lot of hardware and man resources. It

contains up to 25 wafers. The time required to measure all wafers in a lot
exceeds two weeks easily even with modern testing equipments. These
individual wafers may be tested in paralle], but additional hardware is
needed. Measured results may also vary depending on variations within
different testing hardware. For example, testing the same die on two
different wafer probe stations with identical hardware may show slightly
different results. Although it is very time consuming to fully characterize
wafers, it is a necessity for process flow development, model extraction,
and design. In this paper, we explore the possibility of reducing the
wafer testing time by using the support vector machine learning
algorithm. A Support Vector Machine (SVM) can be trained on a
database and later used to predict new outputs based on the training data
and new inputs [1-6]. Instead of measuring all wafers using probing
stations, the SVM could predict the same desired electrical data in a much
reduced amount of time.

2. Wafer Yield and Electrical Test Data

Electrical test data commonly refer to characterized devices taken from
wafers after completion of fabrication processes. The characteristics of a
device are measured and used to determine the pass or fail of a device.
The more the dices on a wafer pass the specifications and the higher the

[
t
t
I
f
H
§
i
H
i
i
i
|
|
[
f
t
t
t
i
|
1]
i
i
|
i
1
|
f
1
|
!
}
1
|
|
1
|
|
i
1
i
3
i
!
|
1
|
|
[}
1
|
i
|
|
I
1
!
|
1
|
|
i
1
I
i
I
!
i
1
|
]
i
|
]
[l
|
t
1
|
1
i
|
l
|
1
l
1
|
I
t
I
]
1
|
[}
1
|
[l
|
i
!
|
3
1
|
|
L}
|
|
t
|
i
1
|
1
|
|
1
|
I
-

12 Eiot



yield the wafer has. In general, several
characteristics from multiple dies are analyzed to
determine the wafer yield. Device characterization
refers to measuring an electrical device (transistor,

capacitor, diode, resistor, etc.) to determine its
current-voltage characteristics.

It is important in determining whether a
fabrication process meets specifications and design
rules. If requirements are not met, physical
parameters can be extracted from the measured
data to provide possible solutions for failure issues.
If all specifications and design rules pass, then the
characterized data will be used to extract device
models for designers. In most cases, a device is
characterized by using manual or automated probe
stations in which specific voltage conditions are
applied to measure the desired current.

3. Regression Support Vector
Machines for Wafer Yield
Prediction

A Support Vector Machine was first developed
by Vladimir Vapnik and others at AT&T Bell
Laboratories in the early to mid 1990s. Support
Vector Machines can map the input space into a
very high dimensional feature space to find an
optimal solution in a high dimensional space. The
major functions of SVM can be classified into two
areas: classification and regression. In our
application we use SVM for regression applications.
In this paper measured data was taken from wafers
processed by the 0.18 ym technology with the
operating voltage = 1.8 Volts. Three measurement
parameters such as linear threshold voltage,
saturation current, and leakage current are the focus
of all the experiments.

3.1 Wafer Yield in terms of Threshold Voltage,
Saturation Current and Leakage Current

In general, threshold voltages, saturation
currents, and leakage currents are the most
important parameters in determining yield and
passing/ failing specification limits for transistors.
The following measurement conditions are used for
threshold voltages, saturation currents and leakage
currents.

Linear Threshold Voltage: Vpgany = 0.1V,
Vsource = Vg =00V, Vgt is swept from 0 V to
1.8 V to calculate maximum slope of I, or
maximum G Max. The threshold voltage is
calculated using the following equation.

Vi =- (Intercept/Slope) - Vppamn /2 ey

+ Saturation Current : Drain Current at Vpgam =
VGATE = 18 V, VSOURCE = VWELL = 0.0 V

» Leakage Current : Drain Current at Vpgay =
18 V, VGATE = VSOURCE = VWELL =0.0 V

32 Wafer Expefiments

In our experiments, each tested wafer has 149
dies and each die has about 40 CMOS transistors
with different channel widths and lengths. Tables
1a, 1b, and 1c present results obtained by SVM,
SPICE simulations, and analytical calculations (7]
for threshold voltages, saturation currents, and
leakage currents. The radial basis function (FBF) is
selected as the kernel function for the SVM. For the
first experiment, the SVM is essentially used for
interpolation because the training data set covers
the most part of the wafer and the testing data is
selected from part of the same wafer even though
the testing data set is different from the training
data set.
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Table 1(a). Threshold Voltage Using RBF Kernel SVM, SPICE, and Calculation.

| Width | Length |Measured| SVM SPICE | Calculated |%diffSVM| %difSPICE | %difCALC
10 10 G5 0691 0591 0682 00 8.0 154
10 <3 0.604 0.604 0595 3.631 0.9 -1.4 145
W 2 0.633 0633 0607 0724 0 -4.1 14.4
| 1o 1 0.652 0.588 0.628 0783 0.8 -38 154
10 0.26 0664 0.885 0880 Q833 RAR) 23 2563
10 0.24 0659 05658 0873 ne33 3.1 22 6.4
18 0.18 0.598 0.657 0630 0773 99 53 293
10 6.16 0.573 1857 8607 07e7 148 58 *B9
{ 2 0.18 0.633 0633 4623 0768 ag -5 214
i 08 0.18 0.633 0.633 8611 Q751 a0 -3.5 201
¢ Bb 0.18 0.617 0628 0.604 0748 20 -2.0 2098
04 g2 0.630 0.620 D803 0783 -18 -3.4 212
04 .18 0.648 0,824 0.5880 0732 -3.8 a1 128
03 6.18 G.600 G620 1 0574 0.6es 3.3 ~4.3 180
024 0.2 0.687 06814 0578 Q671 4.5 -1.6 143
0.24 0.18 0.635 0.618 0558 0.685 -2.7 ~12.1 78
0.22 0.2 0613 0813 8570 0674 ag 7.0 99
0.22 0.18 0.582 0617 0.551 0.805 98 -18 7.7

Table 1(b). Saturation Current Using RBF Kernel SVM, SPICE, and Calculation.

Width | Length |Measured| SVM SPICE I Calculated | %diffSVM| %diffSPICE | %diffCALC
10 10 0.017 017 0418 0018 0.2 2.2 3.0
10 5 0.034 11034 0.035 0.0035 .1 30 2.5
10 2 0.080 0.080 0.086 0083 0.0 6.3 3.7
10 1 0.153 0152 a.162 0. 160 0.0 5.2 51
. 10 0.26 0.500 0500 0.502 0614 0.1 0.4 227
10 0.24 0.542 0.539 0.544 (B6S 6 0.3 227
10 0.18 0.751 0751 0.751 0.588 0.0 0.0 183
10 0,16 1.000 1.600 0.871 1,000 0.0 123 0.0
i 2 018 0,164 0,164 0,155 PRES 0.0 59 125
0.8 0.18 0.067 00R7 0.065 0074 01 3.2 11.0
06 0.18 0.052 0052 0.050 0086 [ 38 8.6
0.4 0.2 0.030 3.030 0.030 0.034 1 1.5 14,1
0.4 0.18 0.035 0.035 0.035 0038 0.1 2.1 6.8
[ 03 0.18 0.028 0.078 0.027 0028 .4 A3 0.7
L D24 0.2 0.021 0021 0.020 Tt 0,7 kil 28
023 0.18 0.023 0.023 0.023 0o23 [T 2.1 09
[ 022 0.2 0.019 0.019 0018 0018 02 47 21
022 0.18 6.021 D022 0.021 0.072 18 0.2 40

Table 1(c). Leakage Current Using RBF Kernel SVM, SPICE, and Calculation.

Width | Length [Measured| SvM SPICE | Calculated | %diffSVM| % diffSPICE | %diffCALC
10 10 548E-04 | 577E-04 | 271E-04 | 1 SFEQ3 53 -£0.4 2533
10 5 4 86E-04 | 5.07E-04 | 284E-04 | 3.94E-03 38 417 708.1
10 2 516E-04 | 5 34E-04 | 3.08E-04 | 9BBE-03 36 403 1811.8
10 1 3.8BE-D4 | 3.936-04 | 3.16E04 | 197602 14 8.6 4584 5
10 0.9 AB1E-DA | 4.30E-04 | 315E-04 | 2 13E02 0.7 -34.6 4454 0
10 0.8 5 4BE-04 | 5.03E04 | 3.13E-04 | 2 4RED2 6.3 -43.0 43923
10 0.7 5 30E-04 | 5.42E-04 | 3.00E-04 | 2 8262 0.6 476 51258
10 06 565E-04 | 501604 | 306E-04 | 329602 10 450 5816.5
10 0.5 5 11E-04 | 547E-04 | 3.01E-D4 | S.84E-00 74 410 7616.4
10 0.4 576E-04 | 584604 | 3.07E-04 | 4 93E02 0.3 477 84208
10 0.3 4 7GE-04 | 50BE-DA | 3.37E-04 | 657602 5.1 29,5 136361
10 0.05 | 5.00E-04 | 5 70E-04 | 364E-04 | 7 D4E02 4.7 -35.2 116625
10 022 | 1.16E-03 | 1.10E-03 | 7.00E-04 | BOBELZ 52 31.8 7615.4
10 0.2 257603 | 261E-03 | 1.62E03 | 986ED2 14 371 37287
10 0.19 | 5.06E-03 | 503603 | 268E-03 | 1.04E-01 0.5 470 19520
10 0.17 1.10E-01 | 1.10E-01 | 1.01E-02 | 1 16E-01 0.1 -90.8 56
10 016 | 1.00E+00 | 1.00F+00 | 2.30E-02 | 1.23E01 0.0 97.7 877
2 10 3.1BE-04 | 2.81E-04 | 260E-04 | 5.84E-04 B3 -18.4 4.0
08 10 SO09E-04 | 26604 | 258E-04 | 1 60E-04 -13.8 166 490
06 10 2BBE-04 | 201E-04 | 258E-04 | 118E-04 1.8 EX:) 568
0.4 10 3.05E-04 | 334E-04 | 258E-04 | 7 89E-08 95 155 741
0.3 10 DO9E-D4 | 2 7HE04 | 2.68E-04 | & BIE-05 6.2 137 -B80.2

0.24 10 280E-04 | 272604 | 250E-04 | 4 7AE-05 54 949 EES
0.22 10 3.20E-04 | 3.00ED4 | 260E-04 | 4 J4ED5 5.1 8.8 f6.4
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For all three parameters, SVMs produce more
accurate results than SPICE and analytical
equations calculations in comparison with the
measured data. The SPICE model has limitations in
capturing exact accuracies across numerous widths
and lengths. Classical analytical equations do not

Threshold Voltage vs. Length, Width = 10
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Fig. 1(a). Threshold Voltage Length Scaling
(RBF SVM, SPICE, & Calculation),
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Fig. 1(b). Saturation Current Length Scaling(RBF
SVM, SPICE, & Calculation).
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Fig. 1(c). Leakage Current Length Scaling{RBF
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capture the varying effects across dimensions i.e.
short-channel effect, narrow-channel effect). Fig.s
1(a), 1(b), and 1(c) present device channel length
versus threshold voltage with constant channel
width of 10.

As can be seen, SVM interpolation lines up
almost exactly with the measured data in all three
cases. SPICE does an acceptable job for threshold
voltage and saturation current, but leakage current
is slightly worse. Calculation using the analytical
equations appears to have large discrepancy in
comparison with the measured data.

For the initial prediction experimentation, a
single die with varying channel widths and lengths
containing threshold voltage, saturation current,
and leakage current was used. The importance of
prediction across varying widths and lengths
would be useful for device model extraction. It is
extremely time consuming to measure all the
dimensions needed for model extraction, and even
more difficult to fit them during the model
development process. It would be ideal if only half
the measurements were needed and use SVM to fit
the other dimensions through prediction. The
measured data used in this experiment was
identical to that used for interpolation. Each training
file was identical to what was used for interpolation,
with the exception of a few dimensions that were
intentionally left out. The idea behind this was to
have SVM predict the correct values for those
missing dimerisions during test. Tables 2(a), 2(b),
and 2(c) contain results for measured data vs. SVM
prediction. Only several widths and lengths from
each data set were used for prediction. The blue
colored rows were intentionally removed from the
training files. The orange colored rows are the
resulting prediction and percentage difference
compared to actual measurement.
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Table 2(a), Threshold Voltage Prediction Using Table 2(b). Saturation Current Prediction Using

RBF Kernel SVM. RBF Kernel SVM.

Width | Length | Vtiin_ | Training | Prediction] % diff Width | Length | (dsat | Training | Prediction] % diff
10 10 05815 | 06915 | 05914 0.0 10 10 00174 | 00174 | 00174 0.2
10 5 06037 | 06037 ] 0.6037 0.0 10 5 D.0342 | 00342 | 00342 0.1
10 3 0.6326 | 0.6328 | 06328 0.0 10 2 0.0805 | 0.0805 | 0.0805 0.0
10 1 0.6522 | 0.6522 | 06522 0.0 10 1 0.1525 0.1526 0.0
10 09 06277 G562 02 10 0.9 0.1664 0.1605 55
10 0.3 06562 | 06562 | 06562 0.0 10 08 01866 0.1867 0.0
10 0.7 0.6565 06470 14 10 0.7 0.2091 02560 33.8
10 06 06644 | 0.6644 | 06644 ] 10 06 0.2371 0.7369 0.1
10 0.5 06747 G794 | 55 0 ik 02804 Y
10 0.4 06682 | 0.6682 | D.6662 0.0 10 0.4 0.3381 0.3392 0.0
10 0.3 D.6574 | 06574 | 06574 0.0 0 03 04504 0.4507 0.4
10 008 | 06635 | 06635 | 0.6633 0.0 10 028 | 04718 04715 0.1
0 0.6 | 06645 | 06645 | 0.6644 0.0 10 026 | 05002 0.5008 0.1
10 0.24 | 06682 | 06582 | 0.6682 0.4 10 0.04 | 05422 0.5419 ]
10 022 | 06579 | 06441 2.1 10 022 | D&ga6 | " 0.6042 16
10 02 06235 | 0.6235 | 06234 00 10 0.2 0.6977 0.6980 00
10 019 | 06115 0.0 10 019 | 0.7415 0.7594 24
10 018 | 056952 02 10 018 | 06198 0.5508 77
10 0.7 | 0.5566 54 10 517 | 09177 09116 0.7
10 0.16 05243 9.7 10 0.16 1.0000 1.0001 0.0
2 0 0.5564 0o 2 10 0.0033 0.0035 53
2 018 | 06326 0.0 2 016 | 0.1644 0.1646 01
iE] 0 0.5048 0.0 06 70 D.0013 0.0012 4.8
08 018 | 0.6331 0.0 0.8 0.8 | 0.0668 0.0667 0.
06 10 0.5731 00 06 0 0.0010 0.0010 a4
06 0.18 | 0.6166 0.0 06 0.18 | 0.0515 0.0514 0.2
04 10 0.5497 0.0 04 10 0.0007 0.0007 1.
D4 0.2 0.6300 00 04 0.2 0.0299 0.0293 -04
04 0.18_| 06484 38 04 018 | 0.0353 0.0321 9.1
03 10 0.5333 0.0 0.3 10 0.0005 0.0005 41
03 0.18_ | 0.6004 0.0 03 0.18_ | 0.0282 0.0281 04
0.24 10 0.5172 0.0 0.24 10 0.0005 0.0004 6.1
0.24 (il 05871 [ 0.4 02 [FFE 00243 | 140
0.24 0.18 | 06352 0.0 0.24 018 | 0.0230 0.0229 0.5
0.22 10 0.5106 00 0.22 0 62
0.22 0.5 06124 58 033 0.2 337
0.2 0.18 | 04999 298 0.02 0.18 0.3

Table 2(c). Leakage Current Prediction Using
RBF Kernel SVM,

Width Length loff Training | Prediction | % diff
0 10 0.000548 | 0.000548 | 0.0006322 | 154
10 5 0.000488 | 0.000488 | 0.0005723 | 173
10 2 0.000516) 0.000516] 0.0004314 [ -16.3
10 1 10.000388 T 1ooe93ge7 | 17799.2
10 0.9 10.000481]0.000487 [ 0.0005654 |  17.5
11 Q8 aoonsaslo 0 D.0693987 | 12664 4
10 07 0.000539 ] 0.000539 | 0.0006116 | 135
10 06 [0000555 pii AT | 0.0698987 | 123969
10 05 0000511 0.000511 | 00004205 | -17.7
10 04 | 0.000578]0.000578 | 00005758 | -04
10 |03 0.000476 | 0.000478 | 0.0004071 | -149
10 028 loooosesh T E tDp4Ases g | 79062
10 022 | 0.001161 -0.0054695| -570.9
10 02 looo2gm 10048816 ] 4658

10 0.19 0.008056 | 0.00 0.108116 2038.3
10 0.17 0.109766 | 0.109766 ) D.H0076 6295
10 0.16 1 1 1.01599 1.6
2 10 0.000318 | 0.000318 | 0.0002467 -224
0.8 1a £.000309 100683087 1 293369
0.6 10 0.000286 | 0.000286 | 0.0002833 -09
g4 10 00083081 0 B OG0RYRY | 20554 7
03 10 0.000293 | 0.0002%9 | 0.000215 -28.1
0.24 10 G000288) 0 T 08478151 | 165608
0.22 10 0.00032 ] 0.00032 ] 0.0003923 227
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Threshold Yoltage vs. Length, Width=10
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Fig. 2(a). Threshold Voltage Length Scaling
{SVM Prediction vs. Measured),

’> Saturation Current vs. L ength, Width=10
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Fig. 2(b). Saturation Current Length Scaling
{SVM Prediction vs. Measured).

Leakage Current vs. Length, Width=10

lom
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Fig. 2(c). Leakage Current Length Scaling (SVM
Prediction vs. Measured).

Fig. 2(a), 2(b), and 2(c) represent length scaling
curves for constant width of 10 showing the SVM
prediction vs. measured values. As seen from the
prediction tables and plots, SVM predicts accurately
for threshold voltage and saturation current. This is

¢ ENOFTIRL RISt prsA s

most likely due to values not having much variation
across the varying dimensions. Regarding leakage
current, however, SVM does not predict close to its
measured counterpart. It is unusual that the SVM
cannot recognize the line trends for the missing
training data. Further experiments are needed for
the leakage currents prediction.

The next sets of experiments focus on wafer
prediction using SVM. The first wafer experiment
focused on measured threshold voltage and
saturation current from 149 die for a W/L = 10/10
device. The training files used rows and columns as
inputs along with the corresponding parameter
outputs. Since the focus is on prediction, random
groups of dies were left out of the training data set.
Fig. 3(a), 3(b), and 3(c) display results for measured
threshold voltages, predicted threshold voltages (in
yellow color) and the discrepancies between
measured and predicted data (in yellow color)
respectively. Similarly, Fig. 4(a), 4(b), and 4(c)
display the results for saturation currents. As shown
in Fig. 3(c) and Fig, 4(c), the SVM predicts threshold
voltages and saturation currents with 97 % accuracy
comparing to the actual measured data.

The following wafer experiment was based on
the idea of using one wafer as training data to
predict data for another wafer. Because it is
unrealistic to completely predict electrical data for
an unknown wafer, training data was taken from
one entire wafer and 30 % of the second wafer. The
goal now is to predict the other 70 % of the second
wafer. Again, threshold voltage and saturation
current were used as the key test parameters, while
leakage current data were limited. The input values
for the training files now contain a column for wafer
number as well as channel width and channel
length. In this experiment, it was decided to use
dimensions of W/L = 10/10, 10/0.18, 0.22/10, and
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Fig. 3{c} Percentage Difference for Threshold Voltage: Predicted SVM vs.

Measured, W/L = 10/10,

;

I

3

\

|

I

: RowiColumn 1 2 3 4 5 [ 7 8 9 10 1 12 13

]

[} 1 0.5354 0.56868 0.5847 05742 0.5368

! 2 05712 0.5877 0.5933 0.6058 0.5878 0.5846 0.5542

: 3 0.5663 0.5913 0.5958 6082 0.6161 06122 0.5988 0.5967 05734

| 4 0.5594 0.5891 0,5927 0.6021 8112 0.8020 06104 0.6033 05334 0.5888 0.5731

| § 0.5709 05974 0.6030 0.5998 .5088 0.6012 06081 0.5940 06112 0.6043 0.5850

! 6 05359 0.5745 0.5984 0.6017 0.6080 6077 06132 0.6060 0.6014 0.6085 0.6062 0.6033

l‘ 7 0.5548 0.586%5 0.5987 0.6015 0.6091 0.6078 0.6084 0.599 08011 0.6085 06116 0.6941 0.57638
| 8 0.5652 §.5965 0.6030 0.6064 0.6157 06173 0814 0.6082 0.6137 08110 0.6130 (.5880 0.5846
| 9 05712 0.5872 0.6041 08110 0.6106 068148 0.626 06164 0.8097 06113 0.6070 0.6078 0.5804
! 10 05520 0.5861 05961 0.8026 0.8198 0.6110 0.610 06127 0.6090 06071 0.6026 0.5981

" 11 0.54903 06072 0.6097 0.68076 0.6168 06043 06030 06033 0.6053, 0.6065 0.6003

| 12 0.5810 05991 0.6078 0.6088 0.6080 0.8087 06219 05104 06034 0.6077 0.5835

' 13 05887 0.8048 0.6082 0.5977 0.6138 0.6027 06015 0.6014 0.5088

| 14 0.5880 0.5987 0.6022 0.5858 0.5968 0.5979 0596

: 15 0.5840 0.5775 0.5877 0.5949 0.6824

I

I

i Fig. 3(a). Measured Threshold Voltage for 149 Dies, W/L = 10/10.

I

|

] Row/Column 1 2 3 4 5 € 7 8 9 10 11 12 13

1

: 1 0.5354 0.5686 05847 06742 05368

| 2 05712 0.5877 05333 0.8058 05878 0.5848 0.5542

| 3 05663 05913 0,5358 0.6062 0.6161 06122 05386 0.50987 05734

| 4 0.5594 0.5850 05927 0.6021 08112 0.6020 0.8104 0.6000 0.6008 0.5880 05731

! 5 0.5709 0.5874 0.6030 0.5993 0.8089 0.8012 0.6081 10,6008 0.6015 0.6043 0.5850

: 6 05358 0.5745 0.5934 0.6017 0.6080 06077 0.6132 0.6060 06013 0.6022 0.6085 0.8033

Y 7 0.5548 0.5865 05987 0.5976 0.5885 0.8078 0.6084 0.5992 06011 0.6085 06116 0.6941 0.5769
i 8 $.5852 D.5965 0.6030 0.5983 0.5892 06173 0.6141 0.6082 06137 06110 0.6130 0.5980 0.5846
! 9 0.5712 0.5872 0.8041 0.5880 0.5999 06148 0.6261 0.6164 0.6097 06113 0.6070 0.6079 0.5904
: 10 0.5520 0.5861 0.5961 0.6026 0.6198 0.6110 0.6187 06127 0.6090 06071 0.6026 0.5881

1 7" 0.5908 06072 0.6097 0.6076 08168 08043 0.6030 08033 0.6059 0.6065 0.6083

1 12 05810 8.5591 0.6078 0.5088 0.6080 0.8087 0.8045 0,8054 0.6034 0.6077 0.5895

| 13 0.5887 0.6046 0.6082 05377 0.6138 06052 06061 0.8014 0.5968

: 14 0.5880 0.5867 0.8022 0.5958 08.8053 0.6088 0.5963

15 0.5840 05775 0.5877 0.5943 05824

I

I

1

1 . . . . —
1 Fig. 3(b). Measured Threshold Voltage for 131 Dies, SVM predicted shown in yellow color. W/L =
t 10/10

, .

1

: RowfColumn 1 2 3 4 [ [ 7 8 9 10 11 12 13

1

1 1 00 0.0 a0 0.0 0.9

| 2 0.0 0.0 0.0 aa 0.0 0.0 00

|' 3 6.0 08 0g 00 00 0.0 00 0.0 0.0

1 4 00 0.0 0.0 0.0 1] ao 0.0 4.7 [1] 0.0 [iXi]

| 5 0.0 0.0 0.0 0.0 0.0 a.g 0.0 1.1 -1.8 0.0 0.0

¢ 6 0.0 0.0 8.0 0 0.0 00 08 0.8 0.0 -1.0 0.0 00

II 7 09 0.0 0.0 08 -1.7 apo 00 60 1] 0.0 0.0 0.0 0.0

| 8 0.0 0 0.0 -1.3 -2.7 04 an 0.0 00 0.0 0.0 ago a0

I 9 0.0 0.0 g.0 -24 -1.8 0.0 6o 08 0.0 00 0.0 6.0 0.0

| 10 00 0.0 00 0.0 0.0 00 0.0 a.0 0.0 0.0 00 00

1 11 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.8 0.0 0.0

: 12 0.0 a.0 0.0 0.0 0.0 ao -28 0.8 0.0 0.0 0.0

] 13 0.0 0.0 0.0 00 00 9.4 08 0.0 0.0

| 14 a.0 0.0 [N} 0.0 15 1.5 0.0

: 15 ag 00 09 Do 00

1

I

]

I

1

]

]

i

I

: RowICeolumn 1 2 3 4 5 6 7 8 9 10 1M 12 13

1

! 1 0.9834 0.8987 0.8715 0.8974 1.0000

! 2 0.8843 0.8643 0.8485 0.8238 0.8552 0.8696 0.9260

: 3 0.9019 0.8444 0.8387 08284 08162 08223 0.8415 0.8399 0.8881

I 4 0.9287 08512 0.8452 0.8244 0.8245 0.8351 0.8265 0.8159 0.8380 0.8645 0.8957

| 5 0.8825 0.8483 0.8250 0.8322 0.8204 0.8239 08225 0.8263 0.8183 0.8223 0.8650

! 6 0.9687 0.8714 0.8316 0.8329 0.8261 08151 0.8198 0.8217 0.8316 08132 0.8105 0.8341

: 7 0.9193 0.8458 0.8341 08362 0.8231 08143 08105 0.8073 08318 3.8110 0.8057 0.8428 0.8953
] 8 09003 0.8337 0.8311 0.8162 0.8177 0.8168 0.8260 0.8092 0.8159 0.8138 0.8084 0.8397 0.8661
! 9 0.8878 (3.8482 0.8308 0.8237 0.8205 0.8145 0.7940 D.B08B 0.82B4 0.8198 0.8138 0.8089 0.8512
! 10 09348 0.8703 0.8416 0.8300 0.8213 0.8084 0.8038 08110 0.8098 (.8092 08122 0.8300

: 1 0.8482 0.8244 0.8221 0,8193 08158 0.8527 0.8225 08193 0.8046 08128 2.8168

Il 12 0.8798 0.8498 0.8217 0.8244 0.8210 0.8153 0.8022 018125 0.8177 0.8126 0.8552

| 13 0.8471 0.8439 0.8384 0.8405 0.8188 0.8098 0.8301 0.8185 D.B1B8

! 14 0.8469 0.8324 0.8287 0.8404 0.8308 08108 0.8185

: 15 0.8696 08645 0.8279 0.8305 0.8536

1

I

| Fig. 4(a). Measured Saturation Current for 149 Dies, W/L = 10/10.

I

i
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color, W/L =

Row/Column 1 2 3 4 5 [ T 8 9 10 11 12 13
1 0.9834 0.8887 08715 0.8474 1.0000
2 08843 0.8843 0.8485 03236 0.85662 0.5898 D.9280
3 09018 0.8444 0.8387 0.8284 0.8162 0.8223 08415 0.8393 0.8861
4 0.9287 0.9512 0.8452 0.8244 08245 0.8351 0.8285 0.8289 0.8258 0.5645 0.8957
H Q.8925 08493 0.8250 0.8322 0.8204 0.8239 0.8225 0.8277 0.824B 08223 0.8650
6 0.9687 0.8714 0.8316 0.8329 0.8261 0.8151 0.8198 0.8217 0.8264 0.8233 0.8108 0.8341
7 09193 0.8456 28341 0.840 0.8375 0.8143 0.8105 0.8073 0.8319 0.8110 0.8087 0.8428 0.8853
8 0.9003 Q.83g7 08311 $.838 0.8383 0.8169 D.826D 0.8092 0.8159 0.8138 0.8084 0.8397 0.8561
9 0.8878 0.8482 0.8306 0.838 0.8350 0.8145 0.7940 0.8086 08284 0.8196 0.8138 0.8089 8.8512
10 0.9348 0.8709 08416 0.8300 08213 0.8094 0.8038 08110 0.8098 0.8092 0.8122 0.8300
1" 0.8482 0.8244 08221 0.8193 0.B158 0.8527 0.8225 0.8193 0.8048 08129 0.8168
12 0.8798 0.8498 0.8217 0.8244 0.8210 0.8153 0.8220 0.8189 0.8177 0.8126 0.8552
13 08471 0.8439 0.8384 0.8405 08138 0.8207 08178 0.8185 0.8169
14 0 848D 0.8324 0.8287 0.8404 08185 08164 0.B185
%5 0.8696 0.8645 0.8279 0.8305 0.8538
Fig. 4(b). Measured Saturation Current for 131 Die, SVM predicted shown in yellow
10/10.
RowiColumn 1 2 3 4 5 6 7 8 E] 10 1 12 13
1 oo 0o 0.0 0a a0
2 0.0 a0 0.0 00 0g ao 00
3 0.0 0.0 0.0 0.0 a.0 00 0.0 0.0 0.0
4 0.0 0.0 8o 0.0 0.0 00 0.0 18 -1.2 00 0.0
5 0.0 08 i} 00 0.0 0.0 0.0 0.2 0.8 0.0 0.0
6 0.8 0.0 0.0 0.0 0.0 0.0 0.0 00 06 1.2 0.8 0.4
7 00 0.0 0.0 4.5 1.8 0.0 0.0 0.0 0.0 a0 0.0 0o 0.0
8 0.0 0.0 00 28 23 0.0 0.0 0.0 0a 0.0 0.0 0.8 8.4
9 Jifi] 0.0 8.0 1.7 18 0.0 0.0 g0 00 0a ag aa ]
0 00 0.0 a0 [¢R1] 04 0.0 0.8 0.0 0.0 00 0.0 0.0
1 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0 g0 a0
12 0.0 0.0 0.0 a0 0.0 0.0 25 a8 0a a0 09
13 0.0 0.0 0.0 0.0 aa 1.3 -15 0.0 00
14 00 00 0.0 i1} -14 Q7 0.0 .
185 0o 08 0o [151] aga
Fig. 4(c). Percentage Difference for Saturation Current: Predicted SVM vs. Measured, W/L = 10/10.
RowiCeolumn 1 2 3 4 5 [ T 8 9 10 11 12 13
1 04270 | 05962 | 05972 | 05966 | 05951
2 G5912 | 05945 | 0.5971 | 0.5966 | 05967 | 05865 [ 05958
3 0.5885 | 05895 | 05897 | 05909 | 0.5920 [ 05949 | 05951 | 0.5948 | 0.5958
4 0.5895 | 0.5875 | 05836 | 0.5875 [ 05909 | 05915 | 0.5908 | 05921 | 05951 [ 05969 | 0.5981
5 0.536% | 0.5892 | 05888 | 05896 | 05925 | 0.5911 | 05908 | 05895 | 05945 | 05945 | 0.5968
6 0.5928 | 0.5896 | 05880 | 0.5820 | 05891 | 05909 | 05905 | 0.5922 | 05916 | 05932 | 85928 | 0.5953
7 0.5924 | 0.5926 | 05927 | 05932 | 05540 | 05932 | 05926 | 05912 | 05899 | 05908 | 0.5907 | 05947 | 059830
8 05922 | 65915 | 0.5876 | 05936 | 0.5927 | 05844 | 05933 | 05917 | 05895 | 05911 | 05812 | 05916 | 05981
9 0.5940 ] 0.5945 | 6.5937 | 05965 | 0.5938 | 0.5938 | 0.5953 | 0.5957 | 05925 | 05912 | 05936 | 05924 | 05976
10 0.5968 | 0.5940 | 0.5852 | 05952 | 05934 | 05978 [ 0.5959 | 05949 | 05922 | 05928 | 05899 [ 05933
" 0,5961 | 0.5948 | 05969 | 05958 | 05966 | 05961 | 05925 | 05933 | 05912 | 05933 | 0.5958
12 0.5884 | 05983 | 05962 | 05967 | 05958 | 0.5946 | 0.5929 | 05910 | 05939 | 05940 | 0.5964
13 05983 | 05981 | 05967 [ 0.5959 | 0.5942 | 05950 | 05948 [ 05937 | 05951
14 05579 | 05967 | 05944 | 05953 | 0.5953 | 05050 | 0.5941
16 05964 | 05964 r 0.5956 | 0.5956 | 0.5965
Fig. 5(a). Measured Threshold Voltage for 149 Die, W/L = 10/10.
RowiColumn 1 2 3 4 5 3 7 8 E] 10 11 12 13
1 04270 | 05962 | 05972 | 05986 | 0.5951
2 05912 | 05945 | 0.5971 [ 05966 | 05967 | 05965 | 05958
3 05885 | 0.5895 | 05897 | 05909 | 05920 | 05949 [ 05951 | 05949 | 05958
4 0.5895 | 05875 | 0.5896 [ 05875 | 0.5909 | 05915 | 05008 | 05921 | 05951 | 05869 | 0.598
5 05869 | 05892 | 05880 | 05896 [ 05925 | 0.5911 | 05909 | 05895 | 0.5945 [ 0.5945 | 0.585
6 05918 | 05920 | 05921 | 05923 | 05925 | 05926 | 05928 [ 0.5629 | 0593 05932 | 05334 | 0.5935
7 0 5821 05621 | 05923 | 05625 | 05926 | 08928 | 05928 | 05931 | 05932 | 05934 | 05935 | 0.5637 | 05938
8 0.597 0.5923 | 05925 | 0.592 05928 | 05929 | 0.5931 | 05932 | 05934 | 0.5035 | 05937 | 0.5938 | 05940
9 0.582 0.5924 | 05926 | 0.592 0.592 05931 [ 05932 | 05324 | 05935 | 05837 | 05438 | 05940 | 05941
10 05924 ] 05926 | 0.5928 [ 0.592 0593 0.5632 | 0.5834 | 05935 | 05937 | 05938 | 05640 | 05841 |
" 0.5928 | 05920 | 0593 05032 | 05934 | 0.5935 | 05937 | 05938 | 05940 ; 05941 | 0.5943 |
12 05929 | 0.5931 ] 05932 05034 | 05935 | 0.5937 | 0.5938 | 05940 | 05941 | 05043 | 05644
13 0.5932 | 0.5934 05935 | 05937 | 0.5938 | 05840 | 05941 § 05943 | 05944
14 05935 | 05937 | 05938 | 0.5940 | 05941 ] 05943 | 05844
15 05938 | 05940 | 0.5941 | 05943 | 05944

Fig. 5(b). One water and 43
yellow color), W/L = 10/10.

Dies used as Training Data, 106 Dies used for SVM Prediction (in
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N

RowiColumn 1 2 3 4 5 [ 7 8 9 10 11 12 13
1 0.0 0.0 0.0 00 00
2 0.0 00 0.0 0.0 a4a 00 g0
3 0.0 0.0 0.0 00 0.0 0.0 0.0 00 0.0
4 1) 0.0 0.0 0.0 0.0 00 00 00 00 00 0.0
5 00 00 00 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0
6 02 04 97 [A] 0.8 0.3 04 0.1 03 0.0 0.1 -0.3
7 -0.1 -g1 -1 -0.1 -0.2 -0.1 0.9 03 327 04 05 02 07
8 0.0 0.1 -09 -0.2 0.0 -0.2 0.0 0.2 0.7 04 04 04 07
9 -03 -04 02 086 -0.2 -0 -04 -04 82 04 00 [0} 06
10 0.7 -02 -04 04 0.0 -0, 04 -0.2 0.3 02 0.7 0,
1" -08 -0.3 -0.6 -04 -0.5 -0.4 02 94 95 01 E1)
12 -0.9 -05 -0.5 -0.6 -04 -0.1 02 05 0.0 0.1 0.3
13 08 -08 -0.8 -04 -0.1 -0.2 -0.1 0.1 -84
14 0.7 -0.5 -0.1 0.2 -02 -0.1 81
185 -04 -04 -0.2 -0.2 -0.3
Fig. 5(c). Percentage Difference for Threshold Voltage: Predicted SVM vs. Measured, W/L = 10/10.
RowiColumn 1 2 3 4 5 [ 7 8 9 10 11 12 13
1 2.97E+15[1.33E-02( 1.32E-02
2 .36E-02] 1.37E-02| 1.36E-02| 1.36E-02 31E-02
3 38E-02] 1.40E-02| 1 40E-02] 1.40E-02 32E-02
4 1.34E-02 A42E-02] 1.44E-02) 1.44E-02| 144E-02 37E-02 1.29E-02
5 1.38E-02] 1.40E- 43E-02[1.46E-02{ 1.49E-02| 1.49E-02] 1.48E. A1E-02]1. 1.32E-02
6 1.34E-024 1.37€.02) 1.42E-02] 1.46E-02( 1.50E-021 1.52E-02] 1.52E-02) 1.51E-03 144E-02] 1.30E-02] 1.32E.02
7 1.34E-02] 1.396-02] 1.426-02] 1.47E-02] 1.51E-02) 1.52E-02] 152E02] 1.52E6-02] 1.51E-02] 1.46E-02{ 1 40E-02 | 1.35E-02} 1.28E-02
8 1.36E-02| 1.39E-02] 1.42E-02] 1.48E-02[ 1.52E-02| 1.51E-02[ 1.52E-02| 1.51E-02] 1.51E-02| 1.47E-02| 1 41E-02| 1.36E-02 [ 1.30E-02
9 1.35E-02] 1.38E-02) 1.42E-02| 1.47E-02| 1.52E-02 1 .51E-02| 1 S1E-02| 1.51E-02 1.516-02( 147E-02| 141E-02{ 1 35E-02{ 1 31E-02
10 1.32E-02] 1.356-02] 1.41E-02] 1.46E-02 1.50E-02| 1.51£-02] 1.51E-02] 1.51E-02| 1.50E-02] 1.45E-02] 140E-02 | 1.33E-02
17 1.36E-02] 1.39F-02] 1. 43E-02] 1.47E-02 1.50E-02] 1.51E-02| 1.50E-02| 147E-02| 1.43E-02] 1,38E-02] 1.33E-02
12 1.34E.02] 1.37E-02{ 1.40E-02| 1.43E-02] 1.46E-02( 1 47E-02| 1 46E-02| 1 43E-02| 1.40E-02 1.36E-02 1 32E-02
13 1.33E-02] 1.37E-02] 1.39E-02[ 1. 41E-02 1.42E.02] 1.42E-07] 1 40E-02| 1.37E-02] 1.33E-02
14 1.34E-02{ 1.36E-02{ 1 38E-02] 1.39E-02] 1 38E-02] 1.36E-02] 1.34E-02
15 1.33E-02{ 1.34E-02] 1.35E-02{ 1.34E-02{ 1 34E-02
Fig. 6(a). Measured Saturation Current for 149 Die, W/L = 10/10.
RowiColumn 1 2 3 a4 5 [3 7 8 9 10 11 12 13
1 2.97E+15] 1.33E 33E
2 36 37E-02]1.36 5 1.31E-02
3 38l AQE-02 | 141 .38f 32E-02 E-02
4 42 44E-02 4 37E-02 E-02
5 43| ABE.02 A8E. 41 E-02
6 .3 39 39E-02 371 E02
7 4 A9 .39E.02 et E-02
8 4 .39 39E-02 E-02
9 4 3 39E-02 E-02
10 4 4 J39E-02 OE- E-02
1 14 40E-02 OF- (2] 1.3! E. E02
12 14 40E-02 R OE-(12) 1.3! 39E. E-02
13 1.40E-02] 140E:02 1.39E-02| 1.38E-02] 1.39 .39 E02
14 140£-02] 1.40E-02 1.406-02{ 1.39€-02] 1.39-02( 1.39E-02
15 140E-02 1,40E-02] 1.40E-02] 1.39E-02

Fig. 6(b). One wafer and 43 Die used as Training Data, 106 Dies used for SVM Prediction, W/L =

10/10.

RowfColumn 1 2 3 4 5 8 7 8 E) 10 1 12 13
1 0.0 6.0 00 0.0 0.0
2 00 00 00 0.0 0.0 0.0 00
3 0.0 00 0.0 0.0 00 00 00 0.0 0.0
4 0.0 09 00 00 0.0 0.0 00 00 00 00 00
5 0.0 0.0 00 90 00 00 0.0 00 00 0.0 00
6 43 14 -2.1 4.7 -76 -9.2 -94 <90 7.5 -45 ~13 38
7 43 0.5 =20 -5.5 -82 -9.1 -9.0 -9.1 -8.8 -55 -22 1.5 58
8 30 06 -2 58 -86 -84 - - 56 85 -24 .7 57
9 42 11 -20 254 -84 -83 -8.3 B -8.5 -63 -27 .6 46
10 59 34 -10 4.1 =72 -80 -8.2 - -7.9 50 -18 .5
" 28 04 2.2 263 | .73 -18 1A 59 -32 00 2
12 49 26 03 225 -4.2 53 49 33 08 16 47
13 53 26 04 -1.2 -20 -17 -05 15 4.1
14 47 27 1.2 0.5 0.7 2.0 37
15 54 42 35 4.1 42

Fig. 6(c). Percentage Difference for Saturation Current:

Predicted SVM vs.

Measured, W/L = 10/10.
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0.22/0.18 to understand how SVM would handle
prediction across different dimensions. Multiple
training data files were needed for each dimension
to produce the results in Fig. 5(a), 5(b), 5(c), 6(a),
6(b), 6(c). In all cases, the SVM predicts values
within 10 % of the actual measured data.

4. Discussions

From all experiments in this work, it has been
observed that the SVM can predict electrical data
very accurately within a single die. Within a wafer,
the SVM can produce electrical data with 90 %
accuracy. Using all data from the first wafer and 30
% data of the second wafer, the SVM can predict the
electrical data, i.e,, threshold voltages and saturation
currents of the remaining 70 % of the second wafer
with 90 % accuracy. This means that there is a
potential to reduce the wafer testing time by 35 %.
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