2016/012904 A1 I 000 OO0 OO OO

<

W

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/012904 A1

28 January 2016 (28.01.2016) WIPO|PCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HOIL 29/00 (2006.01) HOIL 21/82 (2006.01) kind of national protection available): AE, AG, AL, AM,
HOIL 21/00 (2006.01) HOIL 29/78 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
HOIL 21/336 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. L DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
PCT/IB2015/055345 KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(22) International Filing Date: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
15 July 2015 (15.07.2015) PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
PI2014002165 23 July 2014 (23.07.2014) MY GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Burasian (AM, AZ, BY, KG, KZ, RU,
(71) Applicant: MIMOS BERHAD [MY/MY]; Technology TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Park Malaysia, Kuala Lumpur, 57000 (MY). DK, FE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(72) Inventors: ISMAIL, Muhamad Amri; ¢/o MIMOS Ber- LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
had, Technology Park Malaysia, Kuala Lumpur, 57000 SM, TR), OAPL (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
’ &y i, pur, GW, KM, ML, MR, NE, SN, TD, TG)
(MY). SAIDIN, Nurafizah; c/o MIMOS Berhad, Techno- > > > At )
logy Park Malaysia, Kuala Lumpur, 57000 (MY). Published:

74

Agents: KANDIAH, Geetha ct al.; KASS INTERNA-
TIONAL SDN. BHD., Suite 8-7-2, Menara Mutiara Bang-
sar, Jalan Liku Off Jalan Riong, Bangsar, Kuala Lumpur,
59100 (MY).

with international search report (Art. 21(3))

(54) Titlee METHOD AND APPARATUS FOR VALIDATING EXPERIMENTAL DATA PROVIDED FOR TRANSISTOR
MODELING

F1G4

()

Retrieving experimental data from a sample fabricated wafer,

by a graph generator

| _— 4000

Plotting the experimental data te distinguish between transfer and
output characteristic curves, by the graph generator

}/ 4002

l

ing electrical

and output characteristic curves to search for unique points, by a
consistency check unit

with each of the transfer

| 4004

‘ Calculating error percentage at available unique points for

consistency check, by the consistency check unit

}/ 4006

Evaluating the result of the consistency check to validate the
experimental data for model parameter extraction, by the consistency

}/ 4008

(57) Abstract: Model parameter extraction for transistor modeling relies on experimental data provided and any discrepancy therein,
if undetected at the outset, results in inaccurate models and delay in device/technology development. The method and apparatus of
the present disclosure addresses this problem by introducing a consistency check prior to the model extraction stage. The method re-
quires a set of experimental data, such as measured drain currents from the actual fabricated wafer for consistency check. The experi -
mental data is formatted into readable ASCII or text file data for identification of unique points. A set of computer instructions
which form the apparatus that evaluates the data consistency then provides the result of the consistency check to permit or restrain
the model parameter extraction stage. The most illustrative drawing.
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METHOD AND APPARATUS FOR VALIDATING EXPERIMENTAL DATA
PROVIDED FOR TRANSISTOR MODELING

FIELD OF THE INVENTION
The present invention relates to the field of simulation of semiconductor
integrated circuits (ICs), particularly to a method and apparatus for evaluating
transistor characteristics based on experimental data provided for model parameter

extraction in transistor modeling.

DEFINITIONS

The terms used throughout this specification are defined as follows, unless
otherwise limited in specific instances.

The expression ‘machine readable media’ used hereinafter in the
specification refers to RAM, ROM, EPROM, EEPROM, CD-ROM or other optical
disk storage, magnetic disk storage or other magnetic storage devices, or any other
medium which can be used to carry or store desired program code in the form of
machine-executable instructions or data structures and which can be accessed by a
general purpose or special purpose computer or other machine with a processor.

The expression ‘computer program product’ is defined as a manufactured
product embodied in a machine readable medium as defined herein above.

The expression ‘plotting’ used hereinafter in the specification includes at least
one of computationally generating a graphical display of data, computationally
establishing a mathematical expression corresponding to data and computationally
generating data based on predetermined relationships.

The expressions ‘graph generator’ and ‘consistency check unit’ used
hereinafter in the specification refer to modules embodied in machine readable
media.

The expression ‘unique points’ used hereinafter in the specification refers to plotted
data wherein identical values are retrieved for the electrical parameter such as ‘bias

voltages’.
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These definitions are in addition to those expressed in the art.

BACKGROUND

The three main steps involved in generating a transistor model for circuit
simulation include electrical measurements followed by model parameter extraction
and finally model verification. It is critical to ensure that functional integrated circuits
at design level also function as per specifications after being fabricated at wafer
level. Accordingly, accurate device models are essential to fulfill requirements where
extracted model parameters are actually the medium that transfers electrical and
process parameters from wafer fab into a design environment. Inaccurate device
models reduce the possibility of having a working design on silicon wafers.

Device models provided by wafer fab are typically in SPICE format, since
SPICE simulator is generally the industry standard for accurate circuit simulations.
Transistor models are further divided into several types such as threshold-based,
inversion charge-based and surface potential-based models, depending on how the
mathematical equations are derived to represent different modeling approaches.
Industry standard Berkeley Short Channel IGFET Model (BSIM) such as BSIM3 and
BSIM4 are examples of threshold-based models. ACM and EKV models fall under
inversion charge-based models while PSP and HISIM models are examples of
surface potential-based models. Although these models are identified differently with
respect to their modeling approaches, they are actually identical with regards to the
usage of measurement data. The common feature between these models is that the
list of model parameters are actually extracted from the same experimental data
namely transfer and output characteristic curves.

Transfer characteristic curve refers to drain current (lg) versus gate voltage
(Vg) plot while output characteristic curve refers to drain current (lg) versus drain
voltage (Vg4) plot. Since the accuracy of the models rely mainly on mainstream
research and development, most available literature focus on sophisticated and
adventurous model parameter extraction methods and are not directed to issues

pertaining to inconsistencies in experimental data.
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Reliable measurement data is vital for accurate model extraction as well as
for ease of parameter extraction. For a device or technology under development,
such as in research and development (R & D) laboratories, the collected data is
mostly measured from different samples at different times and under varying
conditions. When the experimental data is still under engineering and prone to
modification, researchers tend to inadvertently provide such inconsistent data to the
device modeling engineer for model parameter extraction purposes. The unreliable
measurement data provided lengthens the model extraction cycle and invariably
results in inaccurate models that fail at the final model verification stage further
contributing to a delay in the device or technology development. There is a high
probability that even after several changes of the fabricated samples, the final stage
of model verification is still unsuccessful, thus wasting a lot of time and effort.

There are several methods disclosed in the art with respect to quality
assurance of the extracted device models, in terms of measurement and extraction
accuracy as well as for different applications from digital and analog to mixed signal
and radio frequency (RF). Unfortunately, the reports usually rely on the assumption
that the measurement data provided is reliable and consistent. Although, such an
assumption may be true, situations when measured data suffering from discrepancy
and inconsistency issues jeopardize the further step of model parameter extraction
stage cannot be ruled out.

Therefore, there is a need to bridge the gap between wafer fab and the
integrated circuit design in a manner wherein human intervention is minimal,
handling of large volume of varying data is facilitated precisely and most importantly
any inconsistency in the experimental data is detected at the outset to eliminate

unnecessary process loops and waste of time, effort and money.

SUMMARY
Model parameter extraction for transistor modeling relies on experimental
data provided and any discrepancy therein, if undetected at the outset, results in
inaccurate models and delay in device/technology development. The method and
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apparatus of the present disclosure addresses this problem by introducing a
consistency check prior to the model extraction stage.

In accordance with an aspect of the present invention, there is provided a
method for validating experimental data for model parameter extraction in transistor
modeling, the method includes the steps of: retrieving the experimental data from a
sample fabricated wafer, by a graph generator; plotting the experimental data to
distinguish between transfer and output characteristic curves of the transistor, by the
graph generator; examining electrical parameters associated with each of the
transfer and output characteristic curves to search for unique points, by a
consistency check unit; calculating error percentage at available unique points for
consistency check, by the consistency check unit; and evaluating the result of the
consistency check to validate the experimental data for model parameter extraction,
by the consistency check unit.

In accordance with a second aspect of the present disclosure, there is
provided an apparatus for validating experimental data for model parameter
extraction in transistor modeling, the apparatus comprises: (i) a graph generator to
retrieve and plot the experimental data for evaluating transfer and output
characteristic curves of the transistor; and (ii) a consistency check unit to examine
the transfer and output characteristic curves for unique points, calculate the error
percentage at the available unique points for consistency check and evaluate the
result of the consistent check to validate the experimental data for model parameter
extraction.

In accordance with yet another aspect of the present disclosure, there is
provided a computer program product for validating experimental data for model
parameter extraction in transistor modeling, the computer program product having
instructions operable to cause one or more modules to: retrieve the experimental
data from a sample fabricated wafer; plot the experimental data to distinguish
between transfer and output characteristic curves of the transistor; examine
electrical parameters associated with each of the transfer and output characteristic

curves to search for unique points; calculate error percentage at available unique
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points for consistency check; and evaluate the result of the consistency check to
validate the experimental data for model parameter extraction.

In accordance with still another aspect of the present disclosure, there is
provided a computer program product for model parameter extraction in transistor
modeling, the computer program product being tangibly implemented on a machine
readable media and comprises: a graph generator to retrieve and plot the
experimental data for evaluating transfer and output characteristic curves of the
transistor; and a consistency check unit to examine the transfer and output
characteristic curves for unique points, calculate the error percentage at the
available unique points for consistency check and evaluate the result of the

consistent check to validate the experimental data for model parameter extraction.

BRIEF DESCRIPTION OF THE ACCOMPANYING DRAWINGS

A method and apparatus for validating experimental data provided for
transistor modeling, in accordance with the present disclosure will now be described
with the help of the accompanying drawings, in which:

Figure 1 is a flow diagram illustrating the key steps involved in a conventional
transistor modeling method;

Figures 2A through 2C are a graphical representation of the three key steps
involved in transistor modeling;

Figure 3 is a flow diagram illustrating the key steps involved in the method of
the present disclosure for transistor modeling;

Figure 4 is a flow diagram illustrating the key steps involved in the method for
validating experimental data provided for transistor modeling, in accordance with the
present disclosure;

Figure 5 is a flow diagram illustrating the key steps involved in the method of
plotting the experimental data to distinguish between transfer and output
characteristic curves, in accordance with the present disclosure;

Figure 6 is a flow diagram illustrating the key steps involved in the method of
examining electrical parameters associated with the characteristic curves to search

for unique points, in accordance with the present disclosure;
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Figure 7 is a graphical representation of unique points identified in Iy versus
Vg4 and Iy versus Vy curves, in accordance with the present disclosure; and

Figure 8 is a block diagram illustrating an apparatus for validating
experimental data provided for transistor modeling, in accordance with the present

disclosure.

DETAILED DESCRIPTION

Figure 1 is a flow diagram illustrating the key steps involved in a conventional
transistor modeling method. A typical transistor modeling method includes three
important stages namely electrical measurements, model parameter extraction and
model verification as illustrated. The extraction flow starts with acquiring
measurement data (1002) from a sample fabricated wafer (1000) which represents
the experimental data. Transfer (1006) and output (1004) characteristic curves are
derived from the experimental data. These characteristic curves are required for
model parameter extraction (1008). Various transfer and output characteristic curves
are derived based on experimental data obtained from varying transistor geometries
which further results in a significant increase in the electrical measurement data. The
output characteristics based on measured data are generally represented as
illustrated in Fig. 2A. Model parameters are extracted from the exhaustive list of
characteristic curves. Also, simulated characteristic curves are generated using
circuit simulators. The output characteristics based on measured and simulated data
are generally represented as illustrated in Fig. 2B. Then the process progresses to
the model verification stage (1010) where simulated curves (continuous lines) are
compared with the actual measured curves and it is recommended to have a close
fit between the two types of characteristic curves. The model is ready (1012) to be
released to the users once the error between the measured and simulated curves
(continuous lines) are within pre-determined acceptable limits, as illustrated
generally in Fig. 2C. If the two curves do not exhibit a close fit, the process continues
to be executed in loops with optimization of certain model parameters in the model
parameter extraction stage. The optimization continues until the simulated curves

satisfactorily fit the measured curves. But if the curve fit is still not satisfactory, then
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the modeling flow needs to return back to the measurement of electrical parameters
to acquire new measurement data from other reliable samples. The electrical
parameters typically include drain current (lg) and the applied bias voltages including
gate voltage (Vy), drain voltage (Vq) and bulk voltage (Vy).

In the prior art, any discrepancy between transfer and output characteristic
curves could only be detected at a later stage of model verification since smooth
transition is always expected from electrical measurement to model parameter
extraction stage. However, the method and apparatus of the present disclosure
addresses this problem by identifying discrepancy, if any, as early as the first step of
electrical measurement.

The method and apparatus for validating experimental data provided for
transistor modeling, of the present disclosure will now be described with reference to
the embodiment shown in the accompanying drawings. The embodiment does not
limit the scope and ambit of the disclosure. The description relates purely to the
exemplary embodiment and its suggested applications.

The embodiment herein and the various features and advantageous details
thereof are explained with reference to the non-limiting embodiment in the following
description. Descriptions of well-known components and processing techniques are
omitted so as to not unnecessarily obscure the embodiments herein. The examples
used herein are intended merely to facilitate an understanding of ways in which the
embodiment herein may be practiced and to further enable those of skill in the art to
practice the embodiment herein. Accordingly, the description should not be
construed as limiting the scope of the embodiment herein.

The description herein after, of the specific embodiment will so fully reveal the
general nature of the embodiments herein that others can, by applying current
knowledge, readily modify and/or adapt for various applications such specific
embodiment without departing from the generic concept, and, therefore, such
adaptations and modifications should and are intended to be comprehended within
the meaning and range of equivalents of the disclosed embodiments. It is to be
understood that the phraseology or terminology employed herein is for the purpose

of description and not of limitation.
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Figure 3 is a flow diagram illustrating the key steps involved in the transistor
modeling method of the present disclosure. The method, in accordance with the
present disclosure introduces an additional consistency check of electrical
measurement data for a transistor, namely between transfer and output
characteristic curves so that any discrepancy is identified earlier, before the model
parameter extraction stage.

Figure 4 is a flow diagram illustrating the key steps involved in the method for
validating experimental data provided for transistor modeling, viz.,

(i) retrieving the experimental data from a sample fabricated wafer, by a graph
generator (4000);

(i) plotting the experimental data to distinguish between transfer and output
characteristic curves of the transistor, by the graph generator (4002);

(iii) analyzing electrical parameters associated with each of the transfer and output
characteristic curves to search for unique points, by a consistency check unit
(4004);

(iv) calculating error percentage at available unique points for consistency check, by
the consistency check unit (4006); and

(v) evaluating the result of the consistency check to validate the experimental data

for model parameter extraction, by the consistency check unit (4008).

It is essential to firstly confirm that the transfer and output characteristic
curves are derivable from the available experimental data. The step of retrieving the
experimental data may be performed by any known computational method in the art.
Figure 5 is a flow diagram illustrating the key steps involved in the method of plotting
the experimental data to distinguish between transfer and output characteristic
curves, viz.,

(i) loading at least two sets of experimental data, obtained from a single transistor
geometry using discrete measurement setups, into the graph generator, wherein
the experimental data comprises drain current (lg) associated with applied bias
voltages including gate voltage (Vg), drain voltage (Vg4) and bulk voltage (V)
(5000);
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(if) checking the graphs generated by the graph generator to identify transfer and
output characteristic curves, wherein the transfer and output characteristics
relate drain current (lg) responses to gate voltage (Vg) and drain voltage (V)
respectively (5002);

(iii) iteratively performing the step of retrieving the experimental data, if the two sets
of experimental data do not produce the transfer and output characteristic curves
(5004); and

(iv) proceeding to the step of examining electrical parameters associated with each
of the transfer and output characteristic curves to search for unique points, if the
two sets of experimental data produce the transfer and output characteristic
curves (5006).

Transfer characteristic curve shows the drain current (lg) variations as a
function of gate voltage (Vy) while output characteristic curve illustrates the drain
current (lg) variations as a function of drain voltage (Vq). Transfer characteristic or Iq -
Vg curve is required for the extraction of basic model parameters such as mobility,
threshold voltage and drain current. For a BSIM3 model, the SPICE parameters for
mobility characteristic are represented by the parameters U0, UA, UB and UC. For
the same BSIM3 model, the SPICE parameters for threshold voltage characteristics
are represented by the parameters VTHO, K1 and K2 while VOFF and NFACTOR
are the SPICE parameters for drain current characteristics. Output characteristic or
lg - Vg curve is required for the extraction of output resistance behaviors such as the
SPICE parameters of VSAT, PCLM, ALPHAQ, BETAO and PDIBLC1 in BSIM3
model.

Figure 6 is a flow diagram illustrating the key steps involved in the method of
examining electrical parameters associated with the characteristic curves to search
for unique points, viz.,

(i) reading the experimental data associated with each of the transfer and output

characteristic curves for discrete analysis (6000);

(i) sorting the experimental data associated with each of the transfer and output
characteristic curves, by electrical parameters, to differentiate between drain

current (lg) and the applied bias voltages including gate voltage (Vg), drain
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voltage (Vg¢) and bulk voltage (Vp) to form a list associated with each
experimental data (6002);

(iii) searching the list associated with each experimental data for unique points,
wherein unique points share identical values for all applied bias voltages

5 (6004);

(iv)iteratively performing the step of retrieving the experimental data, if the two
sets of experimental data do not contain any unique point; and

(v) storing respective drain current (lg) at each unique point to proceed with the
step of calculating error percentage, if the two sets of experimental data

10 contain unique points (6006).

The discrete analysis may be performed by any known algorithm / logic

known in the art.

15 The experimental data is provided using any readable format such as ASCII

or text file and are then sorted out by electrical parameters of voltage and current.

The table below shows an example of sorted readable measurement data
where it contains several terminal biases, particularly for gate voltage (Vg), drain

20 voltage (Vq4) and bulk voltage (V) as well as related measured drain current (lg).

ls Vg

Drain Current (l41)

Bulk Voltage (Vy1)

Drain Voltage (V1)

Gate Voltage (V1)

Vb1a Vd1a Vg1a Id1a
Vb1b Vd1b Vg1b Id1b
Vb1c Vd1c Vg1c Id1c
Vb1d Vd1d Vg1d Id1d
lo-Va

Bulk Voltage (Vy2)

Drain Voltage (Vg2)

Gate Voltage (V)

Drain Current (l4,)

Vb2a

Vd2a

VgZa

|d2a
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Vb2b Vd2b Vga |d2b
VbZC VdZC Vch |d20
Vb2d Vd2d VgZd |d2d

Figure 7 is a graphical representation of unique points identified in the
Transfer (4 versus Vg) and Output (l4 versus Vg) characteristic curves. In accordance
with the present disclosure, as a consistency check tool for the provided
experimental data, the transfer and output characteristic curves of the transistor are
analyzed discretely. The characteristic curves are actually the typical measurement
data obtained during DC operation of any transistor, such as metal oxide
semiconductor transistor (MOSFET), ion sensitive field effect transistor (ISFET) or
carbon nanotube field effect transistor (CNTFET). In the search for unique points,
only the values of applied bias voltages in both the transfer and output characteristic
curves are studied. A unique point refers to the point where all the applied bias
voltages share the same values. Particularly for the purpose of transistor model
extraction, the combination of Iy - Vg and lg - Vg4 curves is analyzed for some common
test setups. The 7 nos. lg =V ¢ curves illustrated in Figure 7, as an exemplary
embodiment, are generated as a function of bulk voltage (Vy), starting from 0V
through 3.3V in steps of 0.55V. The unique points are identified such that all biased
voltages (Vg4, V4 and Vy) must share the same values. Therefore if a unique point is
not detected, then the analysis needs to be stopped and checked for data mismatch
issues. Once unique points are identified for the experimental data provided, the
process continues with reading and saving of the related drain current (lg) values for
the next stage of consistency check.

In accordance with the present disclosure, the consistency check between
two drain currents (lg) at any unique point is executed by calculating error
percentage at available unique points as a drain current (lg) difference between a
transfer characteristic data and an output characteristic data divided by the drain

current of respective transfer characteristic data and multiplied by 100. The
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computed error percentage is further evaluated based on a pre-determined
acceptable level of drain current (Ig) error percentage permissible at the final stage
of model verification during curve-fit of the measured and simulated curves. An
exemplary value for the acceptable level of error percentage is 2%, particularly in
relation to stringent accuracy requirements for analog mixed signal applications.
Alternatively, an acceptable level may vary within a pre-determined range of values,
for instance, 2% to 5% depending on the tool used for model parameter extraction,
permitted accuracy by users and instrument resolution during data collection.

Figure 8 is a block diagram illustrating an apparatus (100) for validating
experimental data provided for transistor modeling, in accordance with the present
disclosure. A set of computer instructions forms the apparatus (100) of the present
disclosure, for plotting experimental data, analyzing the generated characteristic
curves and conclusively indicating whether the experimental data is appropriate for
proceeding to the step of model extraction.

The apparatus (100), of the present disclosure, for validating experimental
data provided for model extraction in transistor modeling includes a graph generator
(10) and a consistency check unit (12) as illustrated. The graph generator (10)
retrieves at least two sets of experimental data (ExD1 and ExD2) from a sample
fabricated wafer and plots transfer (T/F) and output (O/P) characteristic curves of the
transistor. For a scalable transistor model, experimental data corresponding to
different transistor length (L) and width (W) accurately simulate the characteristic
curves at different transistor (T1, T2, T3, T4) geometries. The graph generator (10)
is adapted to handle large volume of varying experimental data. For instance, data
corresponding to several temperature nodes at room temperature, hot and cold
temperatures is accurately handled for executing model parameter extraction with
respect to temperature variations.

The consistency check unit (12) evaluates the suitability of experimental data
based on calculation of acceptable level of error percentage for further model

parameter extraction.
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For two sets of experimental data that contain bias voltages, if the acceptable
level of error percentage in drain current (lg) is pre-determined as 2%, a calculated
error percentage of more than 2% is considered as a failed output and accordingly,
the apparatus and the method of the present disclosure restrains the process from
proceeding to the next step of model parameter extraction. Experimental data with
calculated error percentage equal to or less than 2% is considered as a passed
output and the apparatus and the method of the present disclosure deems the
experimental data to be suitable and permits the process to proceed to the next step
of model parameter extraction.

Factors that may contribute to data inconsistency include instrument errors
and measurement of data from different samples. In order to eliminate discrepancy
due to different samples, the device modeling engineer needs to ensure that both I4 -
Vg and lg - V4 curves are measured from the same sample and within a short span of
time. To eliminate instrument errors, where researchers are unable to provide
consistent data even by using the same sample, the device modeling engineer may
consider changing the instrument measurement integration time such as from short
to medium or medium to large for further refinement of time required at each
measurement steps.

Early detection of data disagreement by the method and apparatus of the
present invention helps to remove any unnecessary looping procedures which
consequently accelerate the time for further extraction of semiconductor device
models.

The technical / economical advancements offered by one or more aspects of
the method and apparatus for validating experimental data provided for transistor
modeling, of the present disclosure, include the realization of:

o scalable transistor models obtained by processing a plurality of varying
transistor geometries;

o reduction of device or technology development cycle with no time being wasted
on processing unreliable data;

o automated process with no human intervention; and
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o minimized data overlook and ensured accuracy irrespective of the volume of
experimental data.
The terminology used herein is for the purpose of describing particular example
embodiments only and is not intended to be limiting. As used herein, the singular forms

"a", "an" and "the" may be intended to include the plural forms as well, unless the

context clearly indicates otherwise. The terms "comprises,” "comprising," “including,”
and “having,” are inclusive and therefore specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations,
elements, components, and/or groups thereof. The method steps, processes, and
operations described herein are not to be construed as necessarily requiring their
performance in the particular order discussed or illustrated, unless specifically identified
as an order of performance. It is also to be understood that additional or alternative
steps may be employed.

The use of the expression “at least” or “at least one” suggests the use of one or
more elements, as the use may be in one of the embodiments to achieve one or more
of the desired objects or results.

Wherever a range of values is specified, a value up to 10% below and above the
lowest and highest numerical value respectively, of the specified range, is included in
the scope of the disclosure.

The numerical values mentioned for the various physical parameters, dimensions
or quantities are only approximations and it is envisaged that the values higher/lower
than the numerical values assigned to the parameters, dimensions or quantities fall
within the scope of the disclosure, unless there is a statement in the specification

specific to the contrary.
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CLAIMS

1.

A method for validating experimental data provided for model parameter

extraction in transistor modeling, characterized in the following steps:

(i) retrieving the experimental data from a sample fabricated wafer, by a graph
generator (10);

(ii) plotting the experimental data to distinguish between transfer and output
characteristic curves of the transistor, by the graph generator (10);

(iii) examining electrical parameters associated with each of the transfer and
output characteristic curves to search for unique points, by a consistency
check unit (12);

(iv)calculating error percentage at available unique points for consistency check,
by the consistency check unit (12); and

(v) evaluating result of the consistency check to validate the experimental data

for model parameter extraction, by the consistency check unit (12).

A method according to claim 1, wherein the step of plotting the experimental data

comprises the following steps:

(i) loading at least two sets of experimental data, obtained from a single
transistor geometry using discrete measurement setups, into the graph
generator, wherein the experimental data comprises drain current (lg)
associated with applied bias voltages including gate voltage (V,), drain
voltage (Vg) and bulk voltage (Vy);

(if) checking the graphs generated by the graph generator to identify transfer
and output characteristic curves, wherein the transfer and output
characteristics relate drain current (ly) responses to gate voltage (Vg) and
drain voltage (Vg) respectively;

(iii) iteratively performing the step of retrieving the experimental data, if the two
sets of experimental data do not produce the transfer and output

characteristic curves; and
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(iv) proceeding to the step of examining electrical parameters associated with
each of the transfer and output characteristic curves to search for unique
points, if the two sets of experimental data produce the transfer and output

characteristic curves.

3. A method according to claim 1, wherein the step of examining electrical

parameters comprises the following steps:

(i) reading the experimental data associated with each of the transfer and output
characteristic curves for discrete analysis;

(ii) sorting the experimental data associated with each of the transfer and output
characteristic curves, by electrical parameters, to differentiate between drain
current (lg) and the applied bias voltages including gate voltage (Vg), drain
voltage (Vg) and bulk voltage (Vyp) to form a list associated with each
experimental data;

(iii) searching the list associated with each experimental data for unique points,
wherein unique points share identical values for all applied bias voltages;

(iv)iteratively performing the step of retrieving the experimental data, if the two
sets of experimental data do not contain any unique point; and

(v) storing respective drain current (lg) at each unique point to proceed with the
step of calculating error percentage, if the two sets of experimental data

contain unique points.

. A method according to claim 1, wherein the step of calculating error percentage

at available unique points is computed as a drain current (lg) difference between
a transfer characteristic data and an output characteristic data divided by the

drain current of respective transfer characteristic data and multiplied by 100.

. A method according to claim 1, wherein the step of evaluating the result of the

consistency check comprises the step of determining an acceptable level of drain

current (lq) error percentage at unique points.
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6. A method according to claim 5, wherein the step of determining an acceptable

level during consistency check further comprises:

(i) defining the consistency check as failed if drain current error percentage is
higher than 2%; and

(ii) defining the consistency check as passed if drain current error percentage is

lower than 2%.

An apparatus (100) for validating experimental data provided for model
parameter extraction in transistor modeling comprises:
(i) a graph generator (10) adapted to retrieve and plot the experimental data for
evaluating transfer and output characteristic curves of the transistor; and
(i) a consistency check unit (12) adapted to examine the transfer and output
characteristic curves for unique points, calculate the error percentage at the
available unique points for consistency check and evaluate the result of the
consistent check to validate the experimental data for model parameter

extraction.

An apparatus according to claim 7, wherein the graph generator (10) is
adapted to process experimental data associated with a plurality of varying

transistor geometries for generating a scalable transistor model.

A computer program product for validating experimental data provided for
model parameter extraction in transistor modeling, characterized by
instructions operable to cause one or more modules to,
(i) retrieve the experimental data from a sample fabricated wafer;
(i) plot the experimental data to distinguish between transfer and output
characteristic curves of the transistor;
(iii) examine electrical parameters associated with each of the transfer and output
characteristic curves to search for unique points;
(iv)calculate error percentage at available unique points for consistency check;

and
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(v) evaluate the result of the consistency check to validate the experimental data

for model parameter extraction.

10. A computer program product for validating experimental data provided for model
5 parameter extraction in transistor modeling, said computer program product
being tangibly implemented on a machine readable media, characterized in that it

comprises:
(i) a graph generator (10) adapted to retrieve and plot the experimental data
for evaluating transfer and output characteristic curves of the transistor;

10 and
(ii) a consistency check unit (12) adapted to examine the transfer and output
characteristic curves for unique points, calculate the error percentage at
the available unique points for consistency check and evaluate the result
of the consistent check to validate the experimental data for model

15 parameter extraction.
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