wo 2015/048437 A1 I} 1] A1) 0000 YO RO

(43) International Publication Date

Organization
International Bureau

—~
é

=

\

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2015/048437 Al

2 April 2015 (02.04.2015) WIPOIPCT
(51) International Patent Classification: Santa Clara, CA 95051 (US). LIU, Jie [CN/US]; 1273
GO6F 19/00 (2011.01) McKendrie Street, San Jose, CA 95126 (US). MA, Terry
(21) International Application Number: Sylvan, Kam-Chiu [US/US]; 510 Preakness Court, Dan-
PCT/US2014/057707 ville, CA 94506 (US).
. .ye . (74) Agent: WOLFELD, Warren, S.; Haynes Beffel &
(22) International Filing D"‘te'z 6 September 2014 (26.09.2014) Wolfeld LLP, P.O. Box 366, Half Moon Bay, CA 94019
R (US).

(25) Filing Language: English (81) Designated States (uniess otherwise indicated, for every
(26) Publication Language: English kind of national protection available). AE, AG, AL, AM,
L. AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(30) Priority Data: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
61/883,942 27 September 2013 (27092013) us HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
61/891,339 15 October 2013 (15102013) us KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(71) Applicant: SYNOPSYS, INC. [US/US]; 700 E. Middle- MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
field Rd., Mountain View, CA 94043 (US). PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

(72) Inventors; and TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(71) Applicants : MOROZ, Victor [US/US]; 17035 Bohlman

Road, Saratoga, CA 95070 (US). SMITH, Stephen, L. (84) Designated States (uniess otherwise indicated, for every

[US/US]; 1662 Columbia Drive, Mountain View, CA
94040 (US). OH, Yong-Seog [US/US]; 2667 Calle More-
lia, Pleasanton, CA 94566 (US). SHAUGHNESSY-CUL-
VER, Michael, C. [US/US]; 1068 Wood Duck Avenue,

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

[Continued on next page]

(54) Title: MAPPING INTERMEDIATE MATERIAL PROPERTIES TO TARGET PROPERTIES TO SCREEN MATERIALS

DETERVINE INTERMEDIATE e
MATERIAL PROPERTIES WHICH ARE
SUBSTANTIALLY INDEPENDENT OF

USE ENVIRONMENT

l

PRE-CALCULATE INTERMEBIATE
MATERIAL PROPERTY VALUES OF

REFERENCE
DETERMINE

ABASE TO
SET PROPERTY
SBINATION OF (1}

WANY POTENTIAL ATERIALS \ TN
1
s INTERVEDIATE -
™ waTERIAL FROPERTY
/ALUES OF
PRE CALCULATE TARGET
PROPERTY VALUES FOR MANY
)
INTERVEDIATE MATERIAL
PROPERTY VALUES AND (21 USE
ENVIROMMENTS T
120 Mee—
18
ETC , -
1A o Al
EORE INTE TE
DATE MATERiAL VATERIAL PROPERTY
VALUES AND (23 USE
2 ENVIFONMENTS

NTERMEDIATE
S FOR THE

DIDATE MATERIAL

RORMENT

F 140
R BTHER SUALUATE 1 145
| FURTHEREVALUATE |
WATERIALS AND USE o -
| ENVIRONMENTS | PARALLEL FLOW

PARTICULS
AND {2;

(57) Abstract: A system for evaluating candidate materials
for fabrication of integrated circuits includes a data pro-
cessor coupled to a memory. Roughly described, the data
processor is configured to: calculate and write to a first data-
base, for each of a plurality of candidate materials, values
for each property in a set of intermediate properties; calcu-
late and write to a second database, values for a selected tar-
get property for various combinations of values for the inter-
mediate properties and values describing candidate environ-
ments; and for a particular candidate material and a particu-
lar environment in combination, determine values for the in-
termediate properties for the candidate material by reference
to the first database, and determine the value of the target
property for the candidate material by querying the second
database with, in combination, (1) the determined intermedi-
ate property values of the candidate material and (2) a value
or values describing the particular environment.



WO 2015/048437 A1 WK 00N VAT 00 A AU

LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK, Published:
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

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

Declarations under Rule 4.17:
—  of inventorship (Rule 4.17(iv))



WO 2015/048437 PCT/US2014/057707

MAPPING INTERMEDIATE MATERIAL PROPERTIES TO TARGET
PROPERTIES TO SCREEN MATERIALS

REFERENCE TO OTHER APPLICATIONS
[0001] Applicants hereby claim the benefit under 35 U.S.C. 119(e) of the following U.S.
provisional applications:
e U.S. Provisional Application No. 61/883,158, filed 26 September 2013 (Attorney Docket
No. SYNP 2380-1);
e U.S. Provisional Application No. 61/883,942, filed 27 September, 2013 (Attorney Docket
No. SYNP 2382-1); and
s U.S. Provisional Application No. 61/891,339 filed 15 October 2013 (Atty. Docket No.
SYNP 2385-1).
The above provisional applications are incorporated by reference as if fully set forth herein. In
addition, U.S. Non-Provisional Patent Application No.  filed on 26 September 2014,
entitled "Characterizing Target Material Properties Based On Properties Of Similar Materials",
by inventors Moroz, Smith, Oh, Liu, Shaughnessy-Culver and Ma (Atty. Docket No. SYNP
2381-2), is also incorporated by reference as if fully set forth herein.

BACKGROUND

[0002] This invention relates to methods for evaluating candidate materials for
fabrication of integrated circuits in computer aided design (CAD) and electronic design

automation (EDA) systems.

DESCRIPTION OF RELATED ART
[0003] One of the critical properties of a transistor is the off-state leakage. The off-state
leakage is determined by the following major mechanisms:
1. Drain-Induced Barrier Lowering (DIBL)
2. Gate-Induced Drain Leakage (GIDL)
3. Band-To-Band Tunneling (BTBT)
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4. Direct Source-to-Drain Tunneling (DSDT)

[0004] The first two mechanisms can be controlled by careful design of the transistor.
For example, FinFETs have much better (lower) DIBL effect compared to the planar MOSFETs.
The amount of GIDL can be controlled by adjusting the drain/gate overlap/underlap in the
locations with the strongest gate field. See, for example, U.S. Provisional Application No.
13/193,320, filed July 28, 2011 (Atty Docket No. SYNP 1721-1), incorporated by reference
herein.

[0005] The two latter mechanisms are determined mainly by the bandstructure of the
channel material. The narrower the bandgap and the lower the effective tunneling mass of the
charge carriers in the channel material, the worse are the BTBT and DSDT leakage currents.
[0006] Currently, the amount of leakage for a particular channel material is characterized
cither experimentally or by a series of advanced modeling techniques, such as a combination of

DFT and TCAD. This process can be cumbersome and time consuming.

SUMMARY

[0007] What makes the modeling task especially complex is that the band structure of the
channel material changes significantly with the scaling of the fin width and height, and also with
the stress engineering. This means that the material properties have to be re-evaluated every time
the transistor geometry or stress are adjusted. A fast cvaluation of the material-determined
leakage mechanisms for a particular FinFET or nano-wire transistor is highly desirable.

[0008] According to the invention, roughly described, a system is provided for quick
screening of potential channel materials in terms of the off-state leakage. The system performs
two major tasks:

1. Estimation of the key parameters of the bandstructure, such as the bandgap Eg,
the effective mass m*, and whether it is a direct or indirect bandgap material for the given fin
sizes and for the given stress pattern.

2. Estimation of the amount of BTBT and DSDT leakage currents for a given set of
transistor design rules.

[0009] Task #1 is achieved by pre-calculating relevant properties of the reference
materials for several representative fin sizes and stress patterns. This data is used to obtain the
properties of specific material composition for specific fin sizes and specific stress patterns.

[0010] Task #2 is achieved by pre-calculating the BTBT and DSDT leakage currents for

the given FinFET/nano-wire design rules and representative bandstructure properties. This data



WO 2015/048437 PCT/US2014/057707

is used in combination with #1 to obtain the estimate of the off-state leakage currents for the

particular material and the particular transistor design rules.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Fig. 1 is a flow chart illustrating logic of an overall methodology incorporating
aspects of the invention.

[0012] Fig. 2 is a flow chart illustrating another view of an embodiment of the invention.
[0013] Fig. 3 is a simplified block diagram of a computer system that can be used to
implement any of the methods and processes herein.

[0014] Fig. 4 shows a simplified representation of an illustrative digital integrated circuit

design flow incorporating features of the technology.

DETAILED DESCRIPTION

[0015] The following description is presented to enable any person skilled in the art to
make and use the invention, and is provided in the context of a particular application and its
requirements. Various modifications to the disclosed embodiments will be readily apparent to
those skilled in the art, and the general principles defined herein may be applied to other
embodiments and applications without departing from the spirit and scope of the present
invention. Thus, the present invention is not intended to be limited to the embodiments shown,
but is to be accorded the widest scope consistent with the principles and features disclosed
herein.

[0016] The methodology includes the following steps:

a. Pre-calculate in DFT relevant band structure properties such as Eg and m* for a large
number of materials that are potential candidates for the channel of a transistor. This
can take many days of computations per material.

b. Pre-calculate in TCAD the BTBT and DSDT leakage currents for a large number of
given material properties such as Eg and m* for several target sets of design rules
(say, for 10nm technology node FinFETs, 7nm technology node FinFETs, and Snm
technology node nano-wire transistors). This may take hours of computation per
material/design rules combination.

c. For a particular candidate material, extract its key band structure properties such as
Eg and m* based on the results pre-calculated in (a). If the properties of particular
candidate material are not characterized directly in (a), then use smart evaluation of

the properties based on several similar materials that are pre-characterized in (a). This
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should take seconds to evaluate. Some examples of smart evaluation techniques that
can be used for not-yet-characterized materials are set forth in U.S. Provisional
Application No. 61/889,444, filed October 10, 2013 (Atty Docket No. SYNP 2381-1),
incorporated by reference herein.

d. For a particular candidate material with properties evaluated in (c), and for a
particular design rules, use results pre-calculated in (b) to estimate the BTBT and

DSDT leakage currents. This should take seconds to evaluate.

[0017] The (a) and (b) steps are done in advance, and the (¢) and (d) steps are done every
time a new combination of a candidate material and design rules is required. Considering that
steps (c) and (d) are very fast, the screening can be done quickly. Whenever new potential
materials and design rules emerge, the steps (a) and (b) can be repeated to extend the material
and design space. As used herein, a "combination" of candidate material and the design rules
differs from another "combination" of candidate material and the design rules, if one or the other
or both of the candidate material and the design rules differ.

[0018] This methodology enables fast screening of the combination of the channel
material and the design rules in terms of the off-state current to see if that combination can meet
the leakage budget of the mobile chip (Low Power (LP) or Standard Process (SP) or High
Performance (HP).

[0019] Besides the channel material properties, this methodology can be used to screen
source and drain candidate materials, the type and amount of stress engineering, gate stack
leakage, and other key factors that affect off-state leakage.

[0020] It can also be used to screen the combinations of material properties and design
rules in terms of other transistor figures of merit, such as the driving current strength, switching
speed, capacitance, reliability, variability, power consumption, etc.

[0021] Fig. 1 is a flow chart illustrating logic of an overall methodology incorporating
aspects of the invention. The logic can be implemented using processors programmed using
computer programs stored in memory accessible to the computer systems and executable by the
processors, by dedicated logic hardware, including field programmable integrated circuits, or by
combinations of dedicated logic hardware and computer programs. As with all flowcharts herein,
it will be appreciated that many of the steps can be combined, pipelined, performed in parallel, or
performed in a different sequence without affecting the functions achieved. In some cases, as the
reader will appreciate, a re-arrangement of steps will achieve the same results only if certain

other changes are made as well. In other cases, as the reader will appreciate, a re-arrangement of
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steps will achieve the same results only if certain conditions are satisfied. Furthermore, it will be
appreciated that the flow charts herein show only steps that are pertinent to an understanding of
the invention, and it will be understood that a particular embodiment of the invention may
perform numerous additional steps for accomplishing other functions, and those steps may be
performed before, during, after or between those shown herein.

[0022] The methodology is for determining or predicting one or more "target” material
properties for several candidate materials, or several use environments, or both, under
evaluation. For example, the target material properties may include leakage current if the
material were used as a transistor channel material, and the use environments may include
channel lengths, stress situations, etc. Roughly, the determination is divided into (a) a
determination of intermediate property values which are substantially independent of use
environment, and (b) a determination of the target material property values based on known or
predicted intermediate property values and a candidate use environment.

[0023] In step 110, one or more intermediate material properties are identified.
Preferably these are material properties which affect the value of the target properties, and are
substantially independent of the use environment. Advantageously they are material properties
which also are costly (difficult or time consuming) to calculate, but which render the calculation
of the target material property values significantly less costly to calculate. In an embodiment, the
intermediate properties are E, and m*.

[0024] In step 112, the intermediate material property values are calculated for a large
number of potential materials (though in one embodiment they could be calculated for as few as
one or two potential materials). In this context, two materials are considered "different” if their
composition is different. For example, two different pure materials (e.g. Si and Ge) are
considered "different”. Two different alloys of a single pair or set of materials (e.g. Sig25Geg.7s
and SigsGeg s) are also considered "different". Amorphous and crystalline Si are considered also
"different”, and so on. The intermediate material property values are written into a database 114,
each in association with an identification of its corresponding material.

[0025] In step 116, the target property values are calculated for a large number of
combinations of (1) intermediate material property values and (2) use environments (though in
one embodiment the number of combinations can be as few as one or two). In an embodiment,
the target property values are the BTBT and DSDT leakage currents, and the use environments
may involve selected aspects of the design rules of a technology node. Technology nodes are
defined at http (colon slash slash) www (dot) itrs (dot) net/, for example in ITRS, International
Technology Roadmap For Semiconductors - 2012 Update Overview (2012), available at http



WO 2015/048437 PCT/US2014/057707

(colon slash slash) www (dot) itrs (dot) net /Links/2012ITRS/2012Chapters/20120verview.pdf,
and in ITRS, 2012 Overall Roadmap Technology Characteristics (ORTC) Tables (2012,
available  at http  (colon  slash  slash) www  (dot) itrs (dot) net
/Links/2012ITRS/2012Tables/ORTC 2012Tables.xIsm, both visited 14 Oct 2013 and both
incorporated herein by reference. The intermediate property values need not exactly match
intermediate property values that are represented in the database 114, though it is preferable that
some or all do match. Also, depending on the goal, some of the intermediate properties
represented in database 114 may not be needed at all for calculating the target property values. In
that case the unneeded intermediate properties need not be varied in the combinations considered
in step 116.

[0026] The pre-calculated target property values are stored in a database 118 which
relates them to the combinations from which they were calculated. In one embodiment, the
database can be organized as a matrix (possibly an N-dimensional matrix which may be sparse),
in which the dimensions represent the values of the intermediate material properties as well as
values of various parameters describing the use environment, and in which each cell identifies
the pre-calculated target property value(s) for the identified material and use environment. In an
environment in which only one parameter is varied in the combinations considered in step 116,
the matrix may have only one dimension (i.e. a vector).

[0027] Once the databases 114 and 118 are prepared (or partially prepared), then they
can be used to significantly accelerate the preliminary evaluation of candidate materials. In step
120, the intermediate property values for a particular candidate material are determined by look-
up from the database 114, given the candidate material. If the exact material has not been
characterized in the database 114, then two or more similar materials can be looked up in the
database 114, and their pre-calculated intermediate property values can be combined to predict
the intermediate property values of the particular candidate material. In one embodiment, the
combination of intermediate property values can involve interpolation. In another embodiment,
the intermediate property values can involve a more complex or intelligent mechanism as
described in the above-incorporated U.S. Provisional Application No. 61/889,444, filed October
10, 2013.

[0028] In step 122, the intermediate property values obtained in step 120 are combined
with the values describing a candidate use environment, to look up, in database 118, the target
property values for the combination. Again, if the specific intermediate property values or the
specific use environment are not exactly represented in database 118, then two or more similar

combinations can be looked up in the database 118, and their pre-calculated target property
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values can be combined to predict the target property values of the particular combination under
consideration. Again, the combination of target property values can involve interpolation or a
more complex or intelligent mechanism in various embodiments.

[0029] Fig. 1 also shows an optional step 140 for further evaluation of materials and use
environments, using a parallel flow 145. The parallel flows includes developing individual
process steps for manufacturing the integrated circuit, using various materials to be used in the
fabrication of the device as input, including one or more identified or characterized materials
using the steps of Figs. 1. The parallel flow is further described in a section for Parallel Flow.
[0030] The database 124 are stored on one or more non-transitory computer readable
media. As used herein, no distinction is intended between whether a database is disposed "on" or
"in" a computer readable medium. Additionally, as used herein, the term "database" does not
necessarily imply any unity of structure. For example, two or more separate databases, when
considered together, still constitute a "database" as that term is used herein. Thus in Fig. 1, the
databases 114 and 118 are also sometimes referred to herein in combination as database 124.
[0031] Fig. 2 is a flow chart illustrating another view of an embodiment of the invention.
Steps 112, 116, 120 and 122 of Fig. 1 are shown in Fig. 2, as are the databases 114 and 118.
[0032] Fig. 2 shows a detail of one embodiment of step 112, for pre-calculating
intermediate material property values of various potential materials. In step 210, a potential
material is selected for characterizing. In step 212, band structure properties such as Eg and m*
are calculated for the selected potential material and written into database 114. An ab-initio
modeling tool can be used for this purpose, such as a DFT tool. An example tool that can be used
for this purpose is the Vienna Ab-initio Simulation Package, described in the document VASP
the Guide, written by Georg Kresse, et «al, Computational Physics, Faculty of Physics,
Universitdt Wien, Sensengasse 8, A-1130 Wien, Austria, incorporated by reference herein. The
document VASP the Guide can be retrieved from http (colon slash slash) cms (dot) mpi (dot)
univie (dot) ac (dot) at/VASP/. Another embodiment for different intermediate properties can use
a different modeling tool, such as an NEGF modeling tool. See the above incorporated U.S.
Provisional Application Nos. 61/883,158 and 61/883,942. In step 214, it is determined whether
another potential material is to be characterized. If so, then the method loops back to step 210 to
characterize the next potential material. Preferably a large number of materials are characterized
in this way, the more the better. However, the number may be limited given the very large cost
of each pre-calculation.

[0033] Fig. 2 also shows a detail of one embodiment of step 116, for pre-calculating

target property values for a variety of combinations of (1) intermediate material property values
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and (2) use environments. In step 220, values are selected for intermediate material property
values (E.g. Eg and m* in one embodiment), and for a use environment (e.g. a technology node
or a stress tensor). In step 222, the target property values are calculated for the selected
combination and written into database 118. In an embodiment, a TCAD (Technology Computer
Aided Design) tool can be used for this purpose, such as Sentaurus Device, available from
Synopsys, Inc., or the TCAD tool described in Stephen E. Hansen, SUPREM-III User’s Manual,
Version 8628 (1986). In step 224 it is determined whether to calculate the target property values
for another combination. If so, then the method loops back to step 220 to consider the next
combination of values. If not, then the method ends (step 226). Preferably a large number of
combinations are considered in this way, the more the better. However, the number may be
limited given the large cost of each pre-calculation.

[0034] Fig. 2 also shows a flow chart for finding a material or materials that optimize the
target property values in various use environments. In step 230, a particular candidate material is
selected. In step 120 its intermediate material property values are obtained using the database
114, as set forth above with respect to Fig. 1. In step 232 values are selected for a candidate
target use environment. In step 122 these values, in combination with the intermediate material
property values obtained in step 120, are used to obtain target property values by reference to the
database 118, as previously described with respect to Fig. 1. The resulting target property values
are written into a database 234 in association with the combination of candidate material from
step 230 and use environment from step 232. Alternatively, they can be reported perceptibly to a
user.

[0035] In step 236 it is determined whether target property values are desired for another
material and/or use environment combination. If so, and only the use environment is to change,
then the routine loops back to step 232 to select the next target use environment. If the candidate
material is to change, then the routine loops back to step 230 to select the next candidate
material. If no further target property values are desired at this time, then the routine ends (step
238).

[0036] Fig. 2 also shows an optional step 240 for further evaluation of materials and use
environments, using a parallel flow 245. The parallel flows includes developing individual
process steps for manufacturing the integrated circuit, using various materials to be used in the
fabrication of the device as input, including one or more identified or characterized materials

using the steps of Figs. 2. The parallel flow is further described in a section for Parallel Flow.

Further embodiments
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[0037] If the methodology of Fig. 1 is used to screen candidate materials for gate stack
leakage, then the intermediate properties might include gate dielectric band gap band offsets for
the conduction and valence bands for n- and p-type transistors. If the methodology of Fig. 1 is
used to screen candidate materials for other transistor figures of merit such as drive current
strength or switching speed, then the intermediate properties might include such properties as
injection velocity, ballisticity, surface roughness scattering, and uniformity of material; and the
description of the use environment might include such values as the bias conditions. Many other

embodiments will be apparent to the reader.

Analysis tools
[0038] In one embodiment, all of the steps 112, 116, 120, and 122, and optionally 230,

232 and 236, can be implemented in a single analysis tool. The analysis tool takes as input each
of the relevant input parameters described above for the functions performed, performs the
operations described above using such input parameters, and produces one or more outputs.
Preferably the output values are written to database 234 and used to select a material to

investigate further and/or eventually use in the fabrication of integrated circuit devices.

[0039] In one embodiment, an analysis tool is provided that performs only step 112.
[0040] In one embodiment, an analysis tool is provided that performs only step 116.
[0041] In one embodiment, an analysis tool is provided that performs only steps 112 and
116.

[0042] In one embodiment, an analysis tool is provided that performs only steps 230 and

120 (and optionally 236) (Fig. 2), with the database 114 previously prepared, and writes the
results to a separate database.

[0043] In one embodiment, an analysis tool is provided that performs only steps 232 and
122 (and optionally 236), with a single provided set of intermediate material property values and
with the database 118 previously prepared.

[0044] In one embodiment, an analysis tool is provided that performs steps 230-122 (and
optionally 236) (Fig. 2), with the databases 114 and 118 previously prepared.

[0045] In other embodiments analysis tools are provided with various other combinations

of the functions of Fig. 1 or Fig. 2.

Hardware Implementation

[0046] Fig. 3 is a simplified block diagram of a computer system 310 that can be used to

implement any of the methods and processes herein. Particularly it can be used to implement
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steps 112, 116, 230, 120, 232, 122 and/or 236 in various embodiments, as well as the analysis
tool as described herein. It also includes or accesses the database(s) 114, 118 and/or 234. Aspects
of step 110 can be performed using a computer system 310 as well.

[0047] Computer system 310 typically includes a processor subsystem 314 which
communicates with a number of peripheral devices via bus subsystem 312. These peripheral
devices may include a storage subsystem 324, comprising a memory subsystem 326 and a file
storage subsystem 328, user interface input devices 322, user interface output devices 320, and a
network interface subsystem 316. The input and output devices allow user interaction with
computer system 310. Network interface subsystem 316 provides an interface to outside
networks, including an interface to communication network 318, and is coupled via
communication network 318 to corresponding interface devices in other computer systems.
Communication network 318 may comprise many interconnected computer systems and
communication links. These communication links may be wireline links, optical links, wireless
links, or any other mechanisms for communication of information, but typically it is an IP-based
communication network. While in one embodiment, communication network 318 is the Internet,
in other embodiments, communication network 318 may be any suitable computer network.
[0048] The physical hardware component of network interfaces are sometimes referred
to as network interface cards (NICs), although they need not be in the form of cards: for instance
they could be in the form of integrated circuits (ICs) and connectors fitted directly onto a
motherboard, or in the form of macrocells fabricated on a single integrated circuit chip with
other components of the computer system.

[0049] User interface input devices 322 may include a keyboard, pointing devices such
as a mouse, trackball, touchpad, or graphics tablet, a scanner, a touch screen incorporated into
the display, audio input devices such as voice recognition systems, microphones, and other types
of input devices. In general, use of the term "input device" is intended to include all possible
types of devices and ways to input information into computer system 310 or onto computer
network 318.

[0050] User interface output devices 320 may include a display subsystem, a printer, a
fax machine, or non visual displays such as audio output devices. The display subsystem may
include a cathode ray tube (CRT), a flat panel device such as a liquid crystal display (LCD), a
projection device, or some other mechanism for creating a visible image. The display subsystem
may also provide non visual display such as via audio output devices. In general, use of the term
"output device" is intended to include all possible types of devices and ways to output

information from computer system 310 to the user or to another machine or computer system.
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Target property values determined by embodiments of the system as described herein may be
reported to a user via one or more of the output devices 320.

[0051] Storage subsystem 324 stores the basic programming and data constructs that
provide the functionality of certain embodiments of the present invention. For example, the
various modules implementing the functionality of certain embodiments of the invention may be
stored in storage subsystem 324. These software modules are generally executed by processor
subsystem 314. The database(s) 114, 118 and/or 234 may reside in non-transitory computer
readable media in storage subsystem 324,

[0052] Memory subsystem 326 typically includes a number of memories including a
main random access memory (RAM) 330 for storage of instructions and data during program
execution and a read only memory (ROM) 332 in which fixed instructions are stored. File
storage subsystem 328 provides persistent storage for program and data files, and may include a
hard disk drive, a floppy disk drive along with associated removable media, a CD ROM drive, an
optical drive, or removable media cartridges. The databases and modules implementing the
functionality of certain embodiments of the invention may have been provided on a computer
readable medium such as one or more CD-ROMs, and may be stored by file storage subsystem
328. The host memory 326 contains, among other things, computer instructions which, when
executed by the processor subsystem 314, cause the computer system to operate or perform
functions as described herein. As used herein, processes and software that are said to run in or on
"the host" or "the computer”, execute on the processor subsystem 314 in response to computer
instructions and data in the host memory subsystem 326 including any other local or remote
storage for such instructions and data.

[0053] Bus subsystem 312 provides a mechanism for letting the various components and
subsystems of computer system 310 communicate with each other as intended. Although bus
subsystem 312 is shown schematically as a single bus, alternative embodiments of the bus
subsystem may use multiple busses.

[0054] Computer system 310 itself can be of varying types including a personal
computer, a portable computer, a workstation, a computer terminal, a network computer, a
television, a mainframe, a server farm, or any other data processing system or user device. Due
to the ever changing nature of computers and networks, the description of computer system 310
depicted in Fig. 3 is intended only as a specific example for purposes of illustrating the preferred
embodiments of the present invention. Many other configurations of computer system 310 are

possible having more or less components than the computer system depicted in Fig. 3.
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[0055] In addition, while the present invention has been described in the context of a
fully functioning data processing system, those of ordinary skill in the art will appreciate that the
processes herein are capable of being distributed in the form of a computer readable medium of
instructions and data and that the invention applies equally regardless of the particular type of
signal bearing media actually used to carry out the distribution. As used herein, a computer
readable medium is one on which information can be stored and read by a computer system.
Examples include a floppy disk, a hard disk drive, a RAM, a CD, a DVD, flash memory, a USB
drive, and so on. The computer readable medium may store information in coded formats that are
decoded for actual use in a particular data processing system. A single computer readable
medium, as the term is used herein, may also include more than one physical item, such as a
plurality of CD ROMs or a plurality of segments of RAM, or a combination of several different
kinds of media. As used herein, the term does not include mere time varying signals in which the

information is encoded in the way the signal varies over time.

Overall Design Process Flow

[0056] Aspects of the invention can further include an integrated circuit design flow, for
creating layouts and fabricating masks and/or integrated circuit devices which use one or more
materials considered in Figs. 1 and 2. Fig. 4 shows a simplified representation of an illustrative
digital integrated circuit design flow, applicable for each of the chips 412 and 414 in the 3DIC.
At a high level, the process starts with the product idea (step 400) and is realized in an EDA
(Electronic Design Automation) software design process (step 410). When the design is
finalized, it can be taped-out (step 427). At some point after tape out, the fabrication process
(step 450) and packaging and assembly processes (step 460) occur resulting, ultimately, in
finished integrated circuit chips (result 470).

[0057] The EDA software design process (step 410) is itself composed of a number of
steps 412 -430, shown in linear fashion for simplicity. In an actual integrated circuit design
process, the particular design might have to go back through steps until certain tests are passed.
Similarly, in any actual design process, these steps may occur in different orders and
combinations. This description is therefore provided by way of context and general explanation
rather than as a specific, or recommended, design flow for a particular integrated circuit.

[0058] A brief description of the component steps of the EDA software design process
(step 410) will now be provided.

[0059] System design (step 412): The designers describe the functionality that they want

to implement, they can perform what-if planning to refine functionality, check costs, etc.
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Hardware-software architecture partitioning can occur at this stage. Example EDA software
products from Synopsys, Inc. that can be used at this step include Model Architect, Saber,
System Studio, and DesignWare® products.

[0060] Logic design and functional verification (step 414): At this stage, the VHDL or
Verilog code for modules in the system is written and the design is checked for functional
accuracy. More specifically, the design is checked to ensure that it produces correct outputs in
response to particular input stimuli. Example EDA software products from Synopsys, Inc. that
can be used at this step include VCS, VERA, DesignWare®, Magellan, Formality, ESP and
LEDA products.

[0061] Synthesis and design for test (step 416): Here, the VHDL/Verilog is translated to
a netlist. The netlist can be optimized for the target technology. Additionally, the design and
implementation of tests to permit checking of the finished chip occurs. Example EDA software
products from Synopsys, Inc. that can be used at this step include Design Compiler®, Physical
Compiler, DFT Compiler, Power Compiler, FPGA Compiler, TetraMAX, and DesignWare®
products.

[0062] Netlist verification (step 418): At this step, the netlist is checked for compliance
with timing constraints and for correspondence with the VHDL/Verilog source code. Example
EDA software products from Synopsys, Inc. that can be used at this step include Formality,
PrimeTime, and VCS products.

[0063] Design planning (step 420): Here, an overall floor plan for the chip is constructed
and analyzed for timing and top-level routing. Example EDA software products from Synopsys,
Inc. that can be used at this step include Astro and Custom Designer products.

[0064] Physical implementation (step 422): The placement (positioning of circuit
elements) and routing (connection of the same) occurs at this step, as can selection of library
cells to perform specified logic functions. Example EDA software products from Synopsys, Inc.
that can be used at this step include the Astro, IC Compiler, and Custom Designer products.
[0065] Analysis and extraction (step 424): At this step, the circuit function is verified at a
transistor level, this in turn permits what-if refinement. Example EDA software products from
Synopsys, Inc. that can be used at this step include AstroRail, PrimeRail, PrimeTime, and Star-
RCXT products.

[0066] Physical verification (step 426): At this step various checking functions are
performed to ensure correctness for: manufacturing, electrical issues, lithographic issues, and
circuitry. Example EDA software products from Synopsys, Inc. that can be used at this step

include the Hercules product.
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[0067] Tape-out (step 427): This step provides the “tape out” data to be used (after
lithographic enhancements are applied if appropriate) for production of masks for lithographic
use to produce finished chips. Example EDA software products from Synopsys, Inc. that can be
used at this step include the IC Compiler and Custom Designer families of products.

[0068] Resolution enhancement (step 428): This step involves geometric manipulations
of the layout to improve manufacturability of the design. Example EDA software products from
Synopsys, Inc. that can be used at this step include Proteus, ProteusAF, and PSMGen products.
[0069] Mask data preparation (step 430): This step provides mask-making-ready “tape-
out” data for production of masks for lithographic use to produce finished chips. Example EDA
software products from Synopsys, Inc. that can be used at this step include the CATS(R) family
of products. The method for actually making the masks can use any mask making technique,
either known today or developed in the future. As an example, masks can be printed using
techniques set forth in U.S. Patent No’s. 6,096,458; 6,057,063; 5,246,800; 5,472,814; and
5,702,847, all incorporated by referenced herein for their teachings of mask printing techniques.
[0070] Parallel Flow. Aspects of the invention can further include a parallel flow (e.g.
145, Fig. 1; 245, Fig. 2), as follows:

(1) Develop individual process steps for manufacturing the integrated circuit. This can
be modeled with EDA tools such as the Synopsys tools “Sentaurus Process”, “Sentaurus
Topography”, and “Sentaurus Lithography”. The input information here is the various materials
to be used in the fabrication of the device, including one or more identified or characterized
using the steps of Figs. 1 and 2. The input information also includes process conditions like
temperature, reactor ambient, implant energy, etc. The output information is the change in
geometry or doping profiles or stress distribution.

(2) Integrate the individual process steps into the complete process flow. This can be
modeled with EDA tools such as the Synopsys tool “Sentaurus Process”. The input information
here is the collection of the process steps in the appropriate sequence. The output is the
geometry, the doping profiles, and the stress distribution for the transistors and the space in
between the transistors.

(3) Analyze performance of the transistor manufactured with this process flow. This can
be done with EDA tools such as the Synopsys tool “Sentaurus Device”. The input information
here is the output of step (2) and the biases applied to transistor terminals. The output

information is the currents and capacitances for each bias combination.
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(4)  If necessary, modify the process steps and the process flow, the target use
environment and/or the material as in Fig. 2, to achieve the desired transistor performance. This
can be done iteratively by using tools such as the Synopsys tools as described above.

[0071] Once the process flow is ready, it can be used for manufacturing multiple circuit
designs coming from different fabless companies, using one or more materials identified or
characterized using the steps of Figs. 1 and 2. The EDA flow 412-430 will be used by such
fabless companies. The parallel flow described here is used at a foundry to develop a process
flow that can be used to manufacture designs coming from their fabless customers. A
combination of the process flow and the masks 430 are used to manufacture any particular
circuit. If the integrated circuit is manufactured at an IDM (integrated device manufacturer)
company instead of the combination of a fables company and a foundry, then both parallel flows
described above are done at the same IDM company.

[0072] There is also a bridge between these tools and the 412-430 EDA tools. The
bridge can be an EDA tool a Synopsys tool “Seismos” that applies compact proximity models for
particular circuit design and layout to obtain netlist with instance parameters for each individual
transistor in the circuit as a function of its neighborhood and stress, including material
conversion stress.

[0073] The following documents provide additional information about terms and
components as used in the present specification, and are incorporated by reference herein:

e Synopsys, Sentaurus TCAD, Datasheet (2012);

e Stephen E. Hansen, SUPREM-III User’s Manual, Version 8628 (1986), available
from http (colon slash slash) www-
tcad.stanford.edu/tcad/programs/suprem3man.pdf (visited 14 Oct 2013);

e ITRS, International Technology Roadmap For Semiconductors - 2012 Update
Overview (2012), available at http (colon slash slash) www (dot) itrs (dot)
net/Links/20121TRS/2012Chapters/20120verview.pdf, visited 14 Oct 2013;

e ITRS, 2012 Overall Roadmap Technology Characteristics (ORTC) Tables (2012,
available at http (colon slash slash) www (dot) itrs (dot)
net/Links/20121TRS/2012Tables/ORTC 2012Tables.xlsm, visited 14 Oct 2013;

[0074] Materials attached as appendices to the above-incorporated provisional patent
applications are also incorporated by reference herein:

e LUISIER M., Quantum Transport Beyond the Effective Mass Approximation,
dissertation (2007), which among other things describes the Non-Equilibrium
Green’s Function (NEGF);
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s BURKE, K., et al., "The ABC of DFT" (2007), which among other things
describes DFT; and

s KRESSE, G, et. al.,, VASP the Guide (September 9, 2013), which among other
things describes a package for performing ab-initio quantum-mechanical
molecular dynamics (MD) simulations using pseudopotentials or the projector-
augmented wave method and a plane wave basis set.

e SANT,S. et. al., “Band Gap Bowing and Band Offsets in Related and Strained
Sil-xGex Alloys by Employing a New Nonlinear Interpolation Scheme” (2013),
J. Appl. Phys., Vol. 113, 033708, pp. 1 —11.

e CSANYIetal., U.S. Patent Application Publication No. 2011/0161361, published

June 30, 2011.

S. Uppal, et. al., J. Appl. Phys., v.96, No. 3, pp. 1376- 1380 (2004)

Y. M. Haddaraa, et. al., Appl. Phys. Letters, v.77, No. 13, pp. 1976-1978 (2000)

S. Uppal, et. al., J. Appl. Phys., v.90, No. 8, pp. 4293-4295 (2001)

Some Particular Embodiments

[0075] One embodiment of the technology disclosed is a method for evaluating candidate
materials for fabrication of integrated circuits. The method includes determining a set of at least
one intermediate material property for a material, where intermediate material properties in the
set affect a target property, but are substantially unaffected by the environment in which the
material is to be used. The method further includes pre-calculating values of the intermediate
material property(s) for a plurality of potential materials and writing the values to a first
database. Additional embodiments of the technology disclosed include corresponding systems,
and computer readable media.

[0076] These and additional embodiments can include one or more of the following
features. In another embodiment, the method includes determining a set of at least one
intermediate material property for a material, where intermediate material properties in the set
affect a target property, but are substantially unaffected by the environment in which the material
is to be used. The method further includes pre-calculating values of the target property for a
plurality of combinations of (1) values for the intermediate material property(s) and (2) values
describing environments in which the material may be used, and writing the values to a second
database.

[0077] In yet another embodiment, the method includes determining a set of at least one

intermediate material property for a material, where intermediate material properties in the set



WO 2015/048437 PCT/US2014/057707
17

affect a target property, but are substantially unaffected by the environment in which the material
is to be used. The method further includes pre-calculating values of the intermediate material
property(s) for a plurality of potential materials and writing the values to a first database, and
pre-calculating values of the target property for a plurality of combinations of (1) values for the
intermediate material property(s) and (2) values describing environments in which the material
may be used, and writing the values to a second database.

[0078] In some embodiments, the method is for use with a first database relating value(s)
of intermediate material property(s) with a plurality of potential materials, and for use further
with a second database relating values of a target property with a plurality of combinations of (1)
values for the intermediate material property(s) and (2) values describing environments in which
the material may be used. For a particular candidate material and a particular environment in
combination, the method includes determining value(s) of the intermediate property for the
candidate material by reference to the first database, and determining the value of the target
property for the particular candidate material by querying the second database with, in
combination, (1) the determined intermediate property value(s) of the particular candidate
material and (2) value(s) describing the particular environment.

[0079] In some other embodiments, the method includes determining a set of at least one
intermediate material property for a material, where intermediate material properties in the set
affect a target property, but are substantially unaffected by the environment in which the material
is to be used. The method further includes pre-calculating values of the intermediate material
property(s) for a plurality of potential materials and writing the values to a first database, and
pre-calculating values of the target property for a plurality of combinations of (1) values for the
intermediate material property(s) and (2) values describing environments in which the material
may be used, and writing the values to a second database. For a particular candidate material and
a particular environment in combination, the method of these embodiments further includes
determining value(s) of the intermediate property for the candidate material by reference to the
first database, and determining the value of the target property for the particular candidate
material by querying the second database with, in combination, (1) the determined intermediate
property value(s) of the particular candidate material and (2) value(s) describing the particular
environment.

[0080] In a method according to any embodiment described herein, the intermediate
material property(s) may include Eg (bandgap energy) and/or m* (effective mass), and the target
property may be BTBT (band-to-band tunneling) and/or DSDT (direct source-to-drain

tunneling).
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[0081] In a method according to any embodiment described herein, pre-calculating and
writing to a first database may include use of an ab-initio modeling tool such as a DFT (density
functional theory) tool, and pre-calculating and writing to a second database may include using a
TCAD modeling tool.

[0082] In a method according to any embodiment described herein, the values describing
the particular environment may include aspects of a design rule database.

[0083] In a method according to any embodiment described herein, if the intermediate
property for the particular candidate material is not characterized in the first database, then
determining value(s) of the intermediate property for the candidate material may include
combining value(s) of the intermediate property(s) of two or more materials that are
characterized in the first database.

[0084] In a method according to any embodiment described herein, if the combination of
(1) the determined intermediate property value(s) of the particular candidate material and (2)
value(s) describing the particular environment is not characterized in the second database, then
determining the value of the target property for the particular candidate material may include
combining the value(s) of the target property(s) of two or more combinations of (1) intermediate
property value(s) and (2) value(s) describing environment(s) in which the material may be used,
which combinations are characterized in the second database.

[0085] One embodiment of the technology disclosed is an analysis tool that includes a
data processor and a memory coupled to the data processor. The data processor is configured
with a program interface that includes a plurality of procedures executable using a set of input
parameters, and produces results useful in choosing a material for the fabrication of integrated
circuits. The procedures are responsive to input parameters including one or more of: an
identification of a potential material, an identification of values for the intermediate material
property(s), values describing environments in which a candidate material may be used, a
database identifying intermediate material property values for a variety of potential materials, a
database identifying target property values for a variety of combinations of (1) intermediate
material property values and (2) use environments, identification of a candidate material, the
intermediate material property values of a particular candidate material, and a particular target
use environment. The procedures are responsive to the input parameters to determine one or
more of: intermediate property values of one or more potential materials, target property values
for one or more combinations of (1) intermediate material property values and (2) use
environments, intermediate material property values of a particular candidate material, and target

property values for one or more combinations of (1) a particular candidate material and (2) a
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particular use environment. The data processor writes the output(s) of the procedures to a data
store which is part of and/or accessible to the data processor.

[0086] One embodiment of the technology disclosed includes a database including a first
database and a second database. The first database is stored on a non-transitory computer
readable medium and relates value(s) of the intermediate material property(s) with a plurality of
potential materials. The second database is stored on a non-transitory computer readable
medium, and relates values of the target property with a plurality of combinations of (1) values
for the intermediate material property(s) and (2) values describing environments in which the
material may be used.

[0087] As mentioned above, the technology disclosed may be implemented in a system
for evaluating candidate materials for fabrication of integrated circuits. The system includes one
or more processor configured to perform operations implementing methods as described herein
and any of the features and optional embodiments of the methods described.

[0088] As mentioned above, the technology disclosed may be implemented in non-
transitory computer readable medium storing computer instructions for evaluating candidate
materials for fabrication of integrated circuits. The non-transitory computer readable medium
includes actions to implement methods as described herein and any of the features and optional
embodiments of the methods described.

[0089] As used herein, a given event or value is "responsive” to a predecessor event or
value if the predecessor event or value influenced the given event or value. If there is an
intervening processing element, step or time period, the given event or value can still be
"responsive” to the predecessor event or value. If the intervening processing element or step
combines more than one event or value, the signal output of the processing element or step is
considered "responsive" to each of the event or value inputs. If the given event or value is the
same as the predecessor event or value, this is merely a degenerate case in which the given event
or value is still considered to be "responsive" to the predecessor event or value. "Dependency” of
a given event or value upon another event or value is defined similarly.

[0090] As used herein, the "identification” of an item of information does not necessarily
require the direct specification of that item of information. Information can be "identified" by
simply referring to the actual information through one or more layers of indirection, or by
identifying one or more items of different information which are together sufficient to determine
the actual item of information. In addition, the term "indicate" is used herein to mean the same as

"identify".
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[0091] The applicant hereby discloses in isolation each individual feature described
herein and any combination of two or more such features, to the extent that such features or
combinations are capable of being carried out based on the present specification as a whole in
light of the common general knowledge of a person skilled in the art, irrespective of whether
such features or combinations of features solve any problems disclosed herein, and without
limitation to the scope of the claims. The applicant indicates that aspects of the present invention
may consist of any such feature or combination of features.

[0092] In particular and without limitation, though many of the inventive aspects are
described individually herein, it will be appreciated that many can be combined or used together
with each other. All such combinations are intended to be included in the scope of this
document.

[0093] The foregoing description of preferred embodiments of the present invention has
been provided for the purposes of illustration and description. It is not intended to be exhaustive
or to limit the invention to the precise forms disclosed. Obviously, many modifications and
variations will be apparent to practitioners skilled in this art. In particular, and without limitation,
any and all variations described, suggested or incorporated by reference herein with respect to
any one embodiment are also to be considered taught with respect to all other embodiments. The
embodiments described herein were chosen and described in order to best explain the principles
of the invention and its practical application, thereby enabling others skilled in the art to
understand the invention for various embodiments and with various modifications as are suited

to the particular use contemplated.
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CLAIMS

L. A system for evaluating candidate materials for fabrication of integrated circuits,
the system comprising:
a memory;
a data processor coupled to the memory, the data processor configured to:
calculate values for a selected target property for each of a plurality of combinations
of
(a) values for each intermediate material property in a set of at least one
intermediate material property, and
(b) values describing candidate environments for the material; and
write the calculated values to a database in a computer readable medium,
wherein each intermediate material property in the set of at least one intermediate
material property affects the target property, but is substantially unaffected by the environment

in which the material is used.

2. A system for evaluating candidate materials for fabrication of integrated circuits,
the system comprising:
a memory;
a data processor coupled to the memory, the data processor configured to:
calculate and write to a first database in a computer readable medium, for each of a
plurality of candidate materials, values for each intermediate material property in
a set of at least one intermediate material property; and
calculate and write to a second database in a computer readable medium, values for a
selected target property for a plurality of combinations of values for the
intermediate material properties and values describing candidate environments for

the material.

3. The system of claim 2, wherein the data processor is further configured to, for a
particular candidate material and a particular environment in combination:

determine values for the intermediate property or properties for the candidate material by
reference to the first database, and

determine the value of the target property for the particular candidate material by

querying the second database with, in combination, (1) the determined intermediate property
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value or values of the particular candidate material and (2) a value or values describing the

particular environment.

4. The system of any of claims 2-3, wherein the intermediate material properties in
the set of at least one intermediate material property are material properties which affect the
target property, but which are substantially unaffected by the environment in which the material

is used.

5. The system of any of claims 2-4, wherein the intermediate material property(s)

include Eg and/or m*.

6. The system of any of claims 2-5, wherein the target property is BTBT and/or
DSDT.

7. The system of any of claims 2-6, wherein calculating and writing to a first

database includes use of an ab-initio modeling tool.

8. The system of claim 7, wherein the ab-iritio modeling tool is a DFT tool.

9. The system of any of claims 2-8, wherein calculating and writing to a second

database includes using a TCAD modeling tool.

10. The system of any of claims 2-9, wherein the values describing the candidate

environments include aspects of a design rule database.

11. A system for evaluating candidate materials for fabrication of integrated circuits,

for use with a first database in a computer readable medium, the first database relating
each of a plurality of candidate materials with corresponding values for each intermediate
material property in a set of at least one intermediate material property,

and for use further with a second database in a computer readable medium, the second
database relating values of a target property with a plurality of combinations of (a) values for the
intermediate material property or properties and (b) a value or values describing candidate
environments for the material,

the system comprising:
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a memory;
a data processor coupled to the memory, the data processor configured to, for a particular
candidate material and a particular environment in combination:
determine a value or values of the intermediate property or properties for the
candidate material by reference to the first database, and
determine the value of the target property for the particular candidate material by
querying the second database with, in combination, (a) the determined value or
values for the intermediate material property or properties for the particular
candidate material and (b) a value or values describing the particular

environment.

12. The system of claim 11, wherein the intermediate material properties in the set of
at least one intermediate material property are material properties which affect the target
property, but which are substantially unaffected by the environment in which the material is

used.

13. The system of any of claims 11-12, wherein the intermediate material property(s)

include Eg and/or m*.

14. The system of any of claims 11-13, wherein the target property is BTBT and/or
DSDT.

15. The system of any of claims 11-14, wherein the values describing the particular

environment include aspects of a design rule database.

16.  The system of any of claims 11-15, wherein a particular intermediate property for
the particular candidate material is not characterized in the first database,

and wherein determining a value or values of the intermediate property or properties for
the candidate material comprises combining the value or values of the intermediate property or

properties of at least two materials that are characterized in the first database.

17. The system of any of claims 11-16, wherein the combination of (a) the

determined value or values for the intermediate material property or properties for the particular



WO 2015/048437 PCT/US2014/057707
24

candidate material and (b) a value or values describing the particular environment, is not
characterized in the second database,

and wherein determining the value of the target property for the particular candidate
material comprises combining the value or values of the target propertics for at least two
combinations of (a) the determined value or values for the intermediate material property or
properties for the particular candidate material and (b) a value or values describing the particular

environment, which combinations are characterized in the second database.

18. A computer readable medium having stored thereon in a non-transitory manner, a
plurality of software code portions defining logic for:

calculating and writing to a first database in a computer readable medium, for each of a
plurality of candidate materials, values for each intermediate material property in a set of at least
one intermediate material property; and

calculating and writing to a second database in a computer readable medium, values for a
selected target property for a plurality of combinations of values for the intermediate material

properties and values describing candidate environments for the material.

19.  The system of claim 18, wherein the software code portions define further logic
for, for a particular candidate material and a particular environment in combination:

determining values for the intermediate property or properties for the candidate material
by reference to the first database, and

determining the value of the target property for the particular candidate material by
querying the second database with, in combination, (1) the determined intermediate property
value or values of the particular candidate material and (2) a value or values describing the

particular environment.

20. A computer readable medium having stored thereon in a non-transitory manner,

for use with a first database in a computer readable medium, the first database relating
each of a plurality of candidate materials with corresponding values for each intermediate
material property in a set of at least one intermediate material property,

and for use further with a second database in a computer readable medium, the second
database relating values of a target property with a plurality of combinations of (a) values for the
intermediate material property or properties and (b) a value or values describing candidate

environments for the material,
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a plurality of software code portions defining logic for, for a particular candidate material
and a particular environment in combination:

determining a value or values of the intermediate property or properties for the
candidate material by reference to the first database, and

determining the value of the target property for the particular candidate material by
querying the second database with, in combination, (a) the determined value or
values for the intermediate material property or properties for the particular
candidate material and (b) a value or values describing the particular

environment.
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