
The Future of Electronic Device Design
Device and process simulation find intelligence on the World Wide Web

���������	��
���
��������

����� �����������! #"%$& � #'�()�+*)$&,-���
�!.��/���0�!����"1�/$2 3 �$&�4�5�!"6()��*)$&,0���
'�$&�7,8��*9�! +"6���5'�.���$&�:,<;=��*)>/�+�7�0�!?
�/����* ��$&"6()*)�+ �����@ A/BDC�EF(9�!,G $&"6���5$H'�$&�7IJ�!,<��IJ$K��*L��.��M,8��"6��$&��@ON

C�()$&��$P�!�Q$P��R	�S,8���5'� �$P�Q$&�!,8��*9,T>/������()�3,!U
�/()$�"%�+,<�O��>O,8��'�(9��,<�/��"%�!�/$&�VBDCV��,���$&"6�Q$&�!,8?
��*)�W�7�!'����� �@6;X�!*)�M����,1"%�!'�� G �� 3������$&,Y�!��$
��*)"6�Q$&�!,8��*)�Z$&[�.��! � �@M�7�!'����� �@ONPBDC\*)�+R
'�����IJ����$&,].�,]R^���/(_$&�5'��+R^$&�:��*)�1��$&"%(9?
*)�+ �������"6�! `��*)*9��IJ�!�����+*),8;T$&*)� G  �$&,V.�,V���
�!������$&,<,a*)$&Rb"6()�! � �$&*)��$&,c��*d��.���R	���: ��
A/,8.�"%(e�!,Y�+ 3� G �! fR^�!�7�0��*)�W���5��g!�+*)$
��$&'� �$&�/����*9E/;h�!*)�Z�! � ���R	,0.�,Y���i�/�!"%j� �$
��*)"6�Q$&�!,8��*)�� �@ "%�+�5'� �$&k [�.�$&,<�/����*9,
� G �+.��+��.���.�*)��IJ$&�7,8$PA/,8.�"6(l�!,m()�+Rn�!*)�
R^(9$2*l���O"6�!�5$P�/� G $&E<No �+Rp()�!,q�/()��,q�:�!'����Y�!��I��!*9"%$&�5$&*)�
��*rBDC G $&$2*s�!"%"%�+�5'� 3��,<()$&��t�ufIJ$&�l�/()$
'��!,<��,8$&I�$&�7�! v��$&"%�!��$&,<;2��()$��5��,8��R^�� ��� �@
,<.�"%"%$&,8,<>/.� �,<�/�7�!�/$&�+@0()�!, G $&$&*1���5�5��*9?
���!�/.��7�3g!$]�/()$f��(9��.�,8�!*)��,h�+�P�0�� � ����+*),h�+>
$& �$&"%�/����*)��"#��$2IJ��"%$&,wAD,<.�"6(-�!,w�/�:�!*),<��,8?
�/���:,<E��/()�!�O����I�$P��*)�/$2 3 ����+$&*)"6$��/�S�/()$P��$&"%(9?
*)�+ �����@ON�xf��R	*)?/,8"%�! ���*)�i�+>f$& �$&"%�/�Q�+*)��"6,
'�������.�"%$&,y>/�!,8��$&�4��$2IJ��"%$&,5�!*)�n�! � 3��R	,
�5�+��$#�+>^�/()$&�F��� G $#��*)�/$&���7�!�/$&�-�+*
$&�!"%(z,8$&�5��"%�+*)��.�"%�/���{"6()��'�;r���+. G  �@
��*)"6�Q$&�!,8��*)�]>/.�*)"6�����+*)�! ����/@ON| *)>/�+�:��.�*9�!��$& �@6; �!, $& �$&"%�/����*)�3"
��$&I��3"%$&,}��$&�4,<�5�! 3 �$&��;]>/.��:�/()$&�1���+R^*9?
,<"6�! ���*)� G $&"%�+�5$&,w�0����$~"%()�! � �$&*)����*)�mN
C=�Y�5�!��*)�/�!��*_�/()$^�7�!'����w�!��I��!*9"%$&�5$&*)�
�+>9BDC�;!�/$&"%()*9�� ��+����,<�/,�()�!IJ$���*)"%��$&�!,<��*9�+ �@
�/.��7*9$2������"6���0'�.��/$2��? G �!,<$&��,<���5.� ��!?
�/����*0�+>m�/()$�>/� G �7��"6�!�����+*0�!*)���+'�$&�7�!�/���+*
�+>X$& �$&"%�/����*9��"	��$&IJ��"%$&,^�!*)�~��*)��$&���7�!�/$&�
"%����"6.����/,qA/"%�+ � �$&"%�/��IJ$2 3@	"%�! � �$&�YC��q�fx];����
�/$2"6()*)�+ ��+�+@�"6���0'�.��/$&�V�!����$&�~��$&,8���+*9E
�/�f��$&��$&�:�5��*)$h()��Re�/�f"%�+*)���3*).�$q���+R^*9?
,<"6�! ���*)�mN�BD*��/()��,l�!�7�/��"% 3$2;TBqR^�� � `����,<"6.�,8,
�/()$l"%()�! 3 �$&*)�+$&,S�!*)�_�+'�'��+�7�/.�*)���/��$&,S>/���
�/()$P>/.��/.���$P��>+C��q�fx4N
�����J�:�V�2�e�V�q�+�_���
� �Q$&����"6����*9����()$Z>/.��/.���$e�+>_C��q�fx

��$&[�.�����$&,V.�,V�/�_>����:,<�h�!*)�! �@+g!$y���/,VA/��$& ��!?
�/��I�$& �@�,<()�+�7�/E�()��,8���+�7@ON:��$&>/�+�Q$q�/()$q�!�!�!�!,<;
*).��0$&�7��"6�! J,8���5.� 3�!�����+*yR^�!,q*)�+����>/.�*9?
���!�5$&*)�/�! 	'��!�:�y�+>5$& �$&"%�/����*9��"r��$&IJ��"%$
��$&I�$& ��+'��5$&*9��A/�! ��/()�+.���(��3��R^�!,l.�,<$&�

��*���$&IJ��"%$P��$&,<$&�!��"%()E<N�B/*),8��$&�!��;2������$&,<����*
�/()$�*9$2k=�q��$&*)$&�7�!�/���+*���$&I���"6$2;m�/()$y"%.��:?
��$&*)�m�+$&*)$&�:�!�����+*0��$2IJ��"%$l,<�/��.�"%�/.���$��!*)�
>/� G �7��"6�!�����+* ,<�/$&'�,FR	$&��$��0������>���$&�
�!"%"6��������*)�����_�0,<$&�q�+>h,<���0'� �$�,8"%�! ���*)�
 ��!R^,vN� "%�! ���*)�W ��!R	,Y(9�!I�$ G $&$&*e'��!�7�/��"%.�?
 ��!�: �@S$&>�>/$&"%�/��I�$���*f���0'��Q�+IJ��*)�S�/()$���u � ?��  C A/�5$&�/�! �?/�+kv����$&?D,<$&�5��"6��*)��.�"%�/���
>���$& ��L$&>�>/$&"%�i���:�!*),<�3,<�/���Z? � ����.���$¡�!E/;
R^(9��"%(	�/()$&�Q$ G @ G $&"6�!�5$���()$����+�5��*)�!*)�
�/�7�!*),8��,<�/���n�/$2"6()*)�+ ��+�+@¢��*£�/()${$&�!�7 �@
�!�!�!�!,!NcC�(9$���u � ��  C�¤�,Y�5�+,<�V"%�:������"6�! 
>/$&�!�/.���$&;Z�/()$z"%(9�!*)*)$& { �$&*)����();M(9�!,
��$&"%��$&�!,<$&�Y>/���+�¥� G ��.���¦!� µ�¥��*y�!�!§!��/�S� µ�M��*��!�!�!�q�/���)N �!� µ� G @�̈!�!�!�)N�f�=��"%(9�!*)*)$& © �$&*)����(f�+>O� G �+.��=� µ�5;,<"6�! ���*)�H ��!R̂ ,n*)�K ���*)��$&�~�!"6"%.��:�!��$& �@
'���$&����"%�/$&�ª�/()$«��'�$&�:�!�����+*¬�+>­��$&�! 
��$&I��3"%$&,<;���.�$̂ �/�0��*)"%��$&�!,<�3*)�Y,8���7.�"%�/.��:�! 
"%�+�5'� �$&k=���/@1�!*)��,<$&"%�+*)��?/�+����$&�S,<�5�! 3 �?
��$2�+�5$&�/�7@�$2>�>/$&"%�/,c�+*l�+'�$&�7�!�/���+*aN7�f�+�/()$
,<�!�0$¢�����0$2;#�3*)"%��$&�!,<��*)�� �@L'���R	$&�7>D.� 
"%�+�5'�.���$&�:,S�!*)�_C��q�]x®,8��>D��R	�!�Q$V()�!�
�5�!��$�'��+,<,8� G  �$��!"6"%.��:�!��$��0.� ��/��?/�����0$2*9?
,<���+*)�! �,<���0.� ��!�/����*̄ �+>]��$&�! ���,8����"0��$&IJ��"%$
,<�/�7.�"%�/.���$&,4�!*)�W'�()@�,<��"6,!N��],4�_��$&,<.� ��/;
C��q�fx¡(9�!,V��$2'� ��!"%$&�s,<"6�! ���*)�� ��!R̂ ,d��*
�/()$h"%$&*)�/�7�! ����� �$h�+>J��.�������*)�l$& �$&"%�/�Q�+*)��"6,

��$&I�$& ��+'��5$&*9�P��*w��()$4�!�!�!�!,vN�°}���/(��/()$
$&�5'� ��+@��5$&*)���+>�C��q�]xf;q�/()$}"6.��:�Q$&*)�
$& �$&"%�/����*)��"6,w�!��I��!*)"6$&�5$&*)��'�����"6$2,8,w��,
�!,T��$&'��3"%�/$2�̂ ��* � �3�+.���$P̈)N
°1$w$&�5'�()�!,8��g!$w�/()�!�lC��q�]x±���+$&,

�5�+��$��/()�!*�,<���0'� �@}���0'��Q�+IJ$��+*�,<"6�! �?
��*)�n ��!R̂ ,�?d���V()�!,��!"%�/.��! � �@n��$2'� 3�!"%$&�
,<�+�5$���>���()$�$&kv'�$&*),8��I�$��!*)�5,8 ���R->/� G ?
�:��"%�!�/$2?D��$&,8��?D�Q$&��$&,8���+* $&kv'�$&�:���5$&*)�/�! 
��$&I�$& ��+'��5$&*9�L'�����"6$&,<,!N � ���5.� ��!�/���+*
�! � ��+R̂ ,��+*)$����l,8���!�:�)��$&,<����*)��*)�d��$&I���"6$&,
,<$&IJ$&�7�! =��$&*)$&�7�!�/���+*),c�!()$&�!�4��>J'��Q�+��.�"6?
�/����*);9R	����(9��.��̀ ��$2[�.����7��*9�0�/()$d��$&I�$& ��+'�?
�5$&*)�̀ �+�X'�.���"%()�!,8$d��>�$&kv'�$&*),8��I�$̂ *)$&R
>/� G �7��"6�!�����+*e$&[�.���'��5$&*)�²Na�f,��r��$&,<.� ��/;
,<��*9"%$0� G ��.����!�!�!³!;̀ ��()$Y�����0$ G $&�/R̂ $&$&*
��*)�/������.�"%�/����*5�+>�*)$&R{$& �$&"%�/�Q�+*)��"6,h��$&"%(9?
*)�+ �����@���$&*)$&�7�!�/���+*),X()�!,X��$&"%��$&�!,<$&�����
�/R̂ �4@�$&�!�7,�>/�����H�V()��,8���+�:��"S�!I�$&�:�!�+$��+>
�/()�Q$&$P@�$&�!�7,vN
C�(9$P$& �$&"%�/�Q�+*)��"6,T�/$&"%()*)�+ ��+�+@]"%@�"% �$���,

'���$&����"%�/$&�V���S,< ��+R̄ �/�S��()��$&$�@+$&�!�:,��!���!��*
�!>/�/$&�y��(9$�"%.��7��$&*)�lA/�)N �!� µ�5EV�+$&*)$&�:�!?�/����*);9��.�$V�/�5��*)"6��$2�!,8��*)�Y"%()�! � �$&*)��$&,��+>

Channel

Gate

Gate
VDD0 V

Source Drain

VG

Oxide

Current

Length

Fig. 1 Basic MOSFET structure (ver ti-
cal cr oss-section). Blue
regions are silicon with elec-
tron donating dopants, red is
silicon with electr on acceptor
dopants, and green is silicon
dioxide (an electrical insulator).
Gate voltage VG contr ols elec-
tron flo w (current) in the c han-
nel between sour ce and drain.
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Equipment models (gas flows,

electromagnetic fields, etc.)
plasma physics, reactant fluxes,

Reaction models (from quantum

derive continuum model details)
chemistry, molecular dynamics,

Process modeling (lithography,

diffusion, implant, planarize, etc.)
deposition, etch, clean, anneal,

Fig. 3 Ultimatel y, we will be ab le to
derive ne w process models fr om
equipment models and “fir st
principles” reaction models. Cur-
rentl y, every new fabrication pr o-
cess and reactor m ust be
painstakingl y characteriz ed from
experimental measurements.

Complexity,
Computational Cost

Classical Models
Quantum-Corrected

Models
Full Quantum Models

Low Drift-diffusion Density-g radient
Schrödinger ,

Transfer matr ix

Moder ate
Energy balance (EB),
Hydrodynamic (HD)

Quantum EB ,
Quantum HD

Density matr ix,
Wigner function

High
Boltzmann

transpor t equation
Quantum Boltzmann

equation
Green’s functions

Microwave Substitute Maxw ell’s equations f or Poisson equation in abo ve

Optoelectronic Add semiconductor Bloch equations

Tab. 1 Full rang e of PDE-
based c lassical and
quantum, electr onic and
optoelectr onic semicon-
ductor de vice models.
Full-function TCAD soft-
ware should implement
all of these models, and
allow them to inter oper-
ate in appr opriate
regions of the same
device in a single sim u-
lation.
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Fig. 4 PDE solver appr oach to implementing ne w TCAD models. The
model de veloper can go directl y from specifying the model to
running sim ulations. This is dramaticall y quic ker than the tradi-
tional appr oach of ha ving to write an entire ne w TCAD pr ogram
for each significantl y new model.
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Package simulation (self-heating, operation

Fab design (equipment placement, power
& reactant supply, cleanroom environment)

Fig. 5 Virtual Fab software functional elements. In
a vir tual fab, all aspects of electr onics sys-
tem pr oduction can be sim ulated and
debugged before production star ts, or even
before the fabrication plant comes online .

⇒ Process models

etch, implant,...) ⇒ Device structures

Device simulation (I-V/C-V curves, leakage,
parasitics,...) ⇒ Lumped-parameter models

drive,...) ⇒ Black-box circuit model

with related chips) ⇒ Production decision

C-V

ψ(x,y)



Ï}Ì�Ð�Ôm������þ�ÿ���ç~õ=� ��Ó#� � Ì����
C�()�3,{�5�+��.� ��!�-C��q�]x >/�7�!�0$&R^�+�7j

A/��C � E�R^�+.� �� G $p�\j+�3*)�­��>�C��q�]x
÷!��'�$&�:�!���3*)�Û,8@+,8��$&� ù ;YR^()$&��${,<�+>/�/R^�!��$
��$&I�$& ��+'�$&�7,�R^�+.� ��-��*),<�/�! � f�5�+��.� �$&,���>
C��q�fxW>/.�*9"%�/����*9�! �����@^��$&I�$& ��+'�$&�5��*	�/()$&���
�!��$2�-��>}$&k='�$&�7�/��,<$�N � .�"%(H>/.�*)"6���3��*)�! ��3��@
��*)"% 3.���$&,P�5�+��$& +��$&>���*)���/����*4�!*)�5"%�+��$�>D���
*).��0$2�:��"%�! "%�+�5'�.����!�/���+*); �+�:��������*)��;
�+�:�!'�()��"6,<;)*)�+*)?/ ���*9$2�!�X�!*)�} ���*)$&�!�X,<@�,<�/$2�
,<�+ �I�$&�:,<;Ø���7�!'�(9��"%�! !��*)�/$&�7>D�!"%$&,<;Ø�!*9�d,<����*`N
C�()$���C � �5.�,8��'����+I�����$��}>/�+.�*)���!?

�����+*¯>D���4��()$_��*9��$&'�$&*)��$&*)�/ �@+?D��$&I�$& ��+'�$&�
�5�+��.� �$&,P���V>/.�*)"%�/���+*	�!*)�5��*)��$&�:�!"%�9'�����'�?
$&�7 �@ON=B/��R^��.� ��w'��Q�+I��3��$d���!�/� G �!,8$d�!"6"%$&,<,
A/>/�+�X,8���+�7�!��$d�!*)����$&���:��$&I��! T�+>`>/.�*)"%�/����*9�! 
�5�+��.� �$&,<;��5�!�/$2�:���! q���!�/�!;`'�()@�,<�3"%�! q"6��*)?
,<�/�!*)�/,<;]C��q�fxü�5�+��$& �,<;]$&�/"=N E/;f�5$&�5�+�7@
�5�!*)�!��$&�5$&*)�/;v>��3 �$�B²ðOu�;v>/�!"6�� ����/��$&,�>/�+�a���+�+ 
��*)�/$&�7�!"%�/���+*);T�!*)�r� G �!,<��"^.�,<$&�f��*)�/$&�7>/�!"6$�N
C�()$0��C � R	��.� ��~�! �,<�w'��Q�+I��3��$0�Y,8���!*)?
���!���� ��!*9�+.��!��$4>/���]��$&,<"%�:� G ��*9��'�()@�,<��"6�! 
[�.��!*)�/���/��$&,<;c'�(9@+,8��"%�! �,<���7.�"6��.���$2,8;c�5�!�/$&�7��?
�! �,<;��!"6����IJ���/��$&,y'�$&�:>/���:�5$&�bAD$�N �TN ;�'����+"%$&,<,
,<�/$&'�,T�+����$&IJ��"%$P,8���5.� ��!�/���+*),<ED;Ø�!*)�d,<����*`N
C�()$���C � R^�+.� ��b$2*9� G  �$���(9$��5.�"6(

�5�+�Q$�$&>�>���"6��$&*)�=C��q�]x#��$&I�$& ��+'��5$&*)�O'�����?
"%$&,<,4,<(9��R	*s��* � ����.���$Y¦ G ;`R^(9$&�Q$Y$&�!"6(
��$&I�$& ��+'�$&��"%�!*®$&�!,8�� �@Z"%�+*)�/�7� G .���$s�/()$&���
$&kv'�$&�:����,8$&;��!*)�Y$&�!"%(y.�,8$&��"%�!*y.��/�� ���g!$]�/()$
$&kv'�$&�:����,8$^�+>�$&IJ$&�7@1,<'�$2"6���! ���,8�:NOC�()$^��C �
$&*)� G  �$&,0�!*)�Z$&*)"6��.��7�!��$&,0"%�+ � �� G �+�7�!�/���+*
�!*)�4"%�+�5'�$&�/�����3��*d��*d�/()$h��$&I�$& ��+'��5$&*)�J��>
()����()?/[�.��! 3����@ �!*)� ()�3�+()?D>/.�*)"6���3��*)�! ��3��@
C��q�fx~,8��>D��R	�!�Q$�N<C�()��,�,<$&$&�5,�$2,8,<$&*)�/���! ���>
C��q�fx~��,����l�Q$&�5�!�3*^I���� G  �$X��*^��(9$h>D�!"%$X��>
��(9$`"%()�! � �$&*9�+$&,����=>/�!"%$&,���*]�/()$`*)$&�!�9>/.��/.���$�N
BD*l,8'����/$���>����/,c�!��I��!*9���!��$&,<;&�Q$&�! ���g!�!�/���+*

��>l�/()$}��C � R^�3 � S��$&[�.�����$}��,<����*)��>���"%�!*)�
�5��*)��?D,<$&�f"%(9�!*)�+$}>/���4,8���0$_A/$&,<'�$2"6���! � �@
"%�+�5�5$&��"%���! 3Ef��$&I�$& ��+'�$&�7,y�/�r�!"%"6$&'��]�/()$
"%�+*)"%$&'��y�+>y"6�� � 3� G ���:�!�/��I�$ ñ�� x4NhC�().�,8;

R^()$&*	,<�+�5$���>9�/()$���$&"%(9*)�� ��+����$&,�*)$&$&��$&�
>/�+�T�X��C � R	$2��$h'��Q�+'��+,<$&�4,<$&I�$&�:�! =@�$&�!�7,
�!�+� G @i��(9$_C��q�]x£�+���+.�'n�!� � �/�!*)>/�+���| *)��I�$&�:,<���/@%;+�+�!��*)�3*)�	�3*)��.�,8���:@+?DR^����$]"6��*)?
,<$&*),8.�,T�!*9�d,<.�'�'����:�OR	�!,T'���� G  �$&�5�!�/��"=No �+R^$&IJ$2�/;X�!,1"%�+�5�0$&�Q"6���! f���+�� �,1>D�! � G $&()��*)�Û�/()$b�/$&"%()*)�+ ��+�+@\"6.��:I�$b��*¥�/()$
*)$&�!�¢>/.��/.���$&;b>D���¢��$&�!,<�+*),Ê����,<"6.�,<,8$&�
� G �+I�$&;���()$��5�+����IJ�!�����+*0>/�+�P�!*0��C � R^�3 � G $&"%�+�5$5���7��$&,<��,8��� G  �$&;m�!*)�i()�+'�$&>/.� � �@�*9���
���+�y ��!�/$�N   IJ$2*1R^�3��(1��()$V�}C � ;)"%���0�5$&�7?
"%���! �C��q�fxeIJ$&*)���+�7,XR^�� � �,<�/�� � G $f� G  �$����
"%()�!����$Y>/���d�!"%"6$2,8,	�/�w�!��IJ�!*)"%$&�¯C��q�]x
>/$&�!�/.���$2,d��*��/()$y�}C � ;m,<.�"6(��!,V,<�+'�()��,8����?
"%�!�/$&�d�+�:�!'�()��"6,T�!*)�d÷!��*9��$& � �����$&*)"6$ ù N
����Õ<������
�������Õ�þ�ÿ���ç
� G �7�3$2>�"%�+*),<����$&�:�!�����+*#"6�!*�"6��*9I���*)"6$

.�,��/()�!�O"%.��7��$&*)�=C��q�]x#�/���+ �,��!��$�*)�+�=IJ$&�7@
,<�5�!�:�²NTC�()$&@~���+*)¤��f �$&�!�:*W>D�Q�+�Â$&k='�$&�7��?
$&*)"%$&;c$&IJ$&*#�!>/�/$&���/()�+.�,<�!*9��,d�+>X,8���5.� ��!?
�����+*),8;m()�+R��/�_'����+��.�"%$5�0�Q$&,8.� ��h��*� �$&,<,
�����0$&;�R	����(w�0����$4�!"6"%.��:�!"%@6;��+�]�5��$&I���"6$
R^���/( G $&�/�/$2�}'�$&�:>/�+�7�5�!*9"%$�NqC�()$&@®�+>/�/$&*
��$2[�.����Q$]��()$�.�,<$&�`�/� G � G @�?/,8������()$�,8���5.� ��!?
�����+*1�/�5�5�!j�$V,<.���$V���a"%�+�5'� �$&�/$&,<;)�!*)�����
'�$&�7>D���:�Z�/$&�����+.�,TR^���:j����S��$&�:��I�$P��$&,<����$&�
��*)>/�+�7�0�!�����+*�>D�Q�+�M,8���5.� ��!�/���+*),!N
BD*)��$& � 3���+$&*)��C��q�fx#,8��>D��R	�!�Q$P"6��.� ��PU
� $&,<�/���5�!�/$¢�/()$���$&I���"6$¢�/$&"%()*)�+ ��+�+@6;

,<�/�7.�"%�/.���$&;P�!*)�n>D� G �7��"6�!���3��*~,8��$&'�, G �!,8$&�
��*l'�$&�7>/�+�7�0�!*)"%$P��$&[�.�����$&�5$&*)�/,<;
� ��'��/���5�3g!$\��$2IJ��"%$\>D� G �7�3"%�!�/����*­�!*)�

��'�$&�:�!���3��*�>D�����q�+��IJ$&*��!'�'� ���"6�!���3��*);
� .�,<$-,<$& �>D?/�!���!'��/��I�$-��$&I���"6$®�0����$& �,

A/IJ$2�:,<.�,m'��+,<���/���+*l�!*)�^�+'�$&�7�!�/����*9E+���]�5$&$&�
�!"%"6.��7�!"6@���$&[�.�����$&�5$&*)�/,<;
� .�,<$1�!���!'�����IJ$1"%�+�5'�.��/�!�/����*),�A/���7����?

����*)��;}*).��0$&�7��"6,<;}�!*)�½�! ��+�+�7�3��()�0,<E¯���
��'��/���5�3g!$�$&>�>���"6��$&*)"%@]I�$&�:,<.�,T�!"%"6.��:�!"%@6;
� $&,<�/���5�!�/$#"%�+�5'�.��/�!���3��*)�! l�Q$&,<�+.���"%$&,

�!*)�d�/���5$P>/�+��,8���5.� 3�!�����+*),<;

� ()�!I�$P�!.����+�5�!�/$&�d>/�!.� ���A/*)�+*)?/"6��*9I�$&�7?
�+$&*)"6$&E1��$&�/$&"%�/����*¥�!*)�H"6���:��$2"6�����+*¡AD�QN $�N ;
÷!,<$& �>/?D()$&�! ���*)� ù ,<�+>/�/R^�!��$&E/;
� ��$&�7��IJ$]'�����"%$&,8,q�5�+��$& �,q>/���+�¥[�.��!*9?

��.��M"%(9$2�0��,<�/�7@]�!*)�d��$&�!"%�/�����5�+��$& �,<;
� �!.��/���0�!����"6�! � �@ "%�! �� G �7�!�/$ �0����$& �,

A/��$&�!"%�/����;�'�����"6$&,<,8;���$&IJ��"%$&E�.�,8��*)��$&k='�$&�7��?
�5$&*)�/�! !�5$&�!,<.���$2�0$&*)��,8;
� ()�!I�$½��*9��$& � �����$&*)�¡.�,<$&�£��*)��$&�:>/�!"%$&,

A/,<'�$2$&"6();!��$&,<�/.���$&;!*)�!��.��7�! + ��!*)�+.��!�+$&;v�!*)�
�5�!�/(p$&k='���$&,<,<���+*{��$2"6����*)���/���+*	�����0�5$&�7?
,<��IJ$P$&*)I������+*)�5$&*)�/,<ED;Ø�!*)�
� �! � ��+R«��$2�! 3?/���3�5$n,<���5.� ��!�����+*�,8��$&$&�7?

��*)�mN� �!,8��'��!�Q�+"%(9���! aC��q�fx���$&I�$& ��+'��5$&*)�
$&>�>/�+�:��,Y()�!IJ$��!'�'��!��$&*)�/ �@¯'���$2IJ$&*)�/$&�Z.�,
>/�����ê"%�+ � �$&"%�/��I�$& �@\���5'� �$&�5$&*)�/��*)�\,<.�"6(
��*)�/$& � ����+$&*9�V>D$2�!�/.���$&,1�/()�!�dR^�+.� ��-I��!,8�� �@
�5.� ��/��'� �@]�/()$P.��/�� �����@]�+>�C��q�fx#�/�+�� �,vN
��¶�·	¸�¸/¹Vº�»^¹�
�¾T¿_¹fÀÂ���
�������
�:·	�:���Vº®ÁP·^�<·^Ä	��»��
  IJ$2*w��>q"%.��7��$&*)��C��q�fx��5�+��$& �,l�!*)�

,<�+>/�/R^�!��$¢R^$&��$¢��$&'� ��!"%$&�ÚR^���/(½�0����$
,<�+'�()��,8����"6�!��$&� I�$&�:,<���+*),8;HC��q�]x ,<���3 � 
"%�+.� ��1*)�+�T�Q$&�! ���g!$f���/,h'��+�/$2*9�����! �;+��.�$f���4�
��(9���Q�	"%(9�! � �$&*)�+$�U:�/()�!�+,<.�>�>��3"%��$&*)�/ �@f'��+R^$&�7?
>/.� !"%�+�5'�.����!�/����*�()�!����R^�!��$�>D����()�!*9�� ���*)�
��(9$2,8$^"6���0'� �$&ky�5�+��$& �,f�!*)��,<�3�5.� ��!�/���+*
���!,8j+,5��,5�/���i$2k='�$&*),8��I�$}>/�+�4��()$}�/@+'���"6�! 
C��q�fx .�,<$&��;¯�+�¥'�$2��()�!'�,�����à .�,8$&�:N
B/*9��$&$&��;�().���$^"6���0'�.��/�!�����+*)�! c�Q$&,<�+.���"%$&,
A/"%�+�5'�.����!�/���+*);��0$&�5���:@%;P,8��>/�/R^�!��$&;P�!*)�
���!���f,<�/�+�7�!��$&E��!�Q$���>D��$&*��!*�$&,<,8$&*)�����! J>D$2�!?
��.��Q$S��>��/()$�÷!��*)�/$& � �����$&*)� ù C��q�fxW>/$&�!��.���$2,
 ���,<�/$&�d��*��/()$P'���$&I����+.�,m,<$&"%�/���+*aN
C�()$�"6()�! � �$&*)��$P�+>+��*),8.�>�>���"%��$&*)�+"%�+�5'�.�?

���!�/���+*4'���R	$&�a>/�+�aC��q�]xn�!�+�!��*�,<.����+$&,8��,
�!*±��'�'����:��.�*)����@ON4C�()�!�i��,®���£'�����IJ����$
�!"%"6$2,8,X������()�+.�,8�!*)��,X�����0�� � ����+*),X��>m�+��()?
$&�7R	��,<$±�3�� �$±"%�+�5'�.���$&�:,¢�!�Q�+.�*)�«�/()$
R^�+�7 �� G @l ���*)j���*)�l�/()$&�{���+�+$&�/()$&�m��*)�/���!*

Develop physical
model

Convert to
numerical model

Program

Debug

Enhance numerical
methods, gridding,

efficiency, graphics...

Run simulations

Analyze results

Run simulations

Analyze results

Run simulations

Analyze results

Run simulations

Analyze results

Run simulations

Analyze results

Modular TCAD Framework (MTF)

Model 4Model 3Model 2Model 1

Numerics 4Numerics 3Numerics 2Numerics 1

Gridding 4Gridding 3Gridding 2Gridding 1

Graphics 4Graphics 3Graphics 2Graphics 1

Fig. 6 TCAD tool de velopment pr ocesses. a) The con ventional de velopment pr o-
cess, where a developer or group develops a new code from the ground up -
a long and wasteful pr ocess. b) The pr oposed modular TCAD Frame work
(MTF) approach, where eac h developer is ab le to contrib ute their specific
exper tise , take advantage of the e xper tise of other s, and quic kly test ne w
capabilities in sim ulations.
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Virtual Fab

Fig. 6 The computa-
tional grid will
provide web-
access to dis-
trib uted super-
computer
hardware,
TCAD soft-
ware, collabora-
tion
environments,
and “instru-
ments” (e.g., an
automated fab-
rication facility).
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