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Abstract

This work introduces a parallel software platform we developed, 3Ddevice, which is

suitable for quantitative simulation of three-dimensional semiconductor devices and their

radiation effects. This software is jointly developed by the Academy of Mathematics and

Systems Science of the Chinese Academy of Sciences and the Microsystem and Terahertz

Research Center of the China Academy of Engineering Physics. It can directly calculate the

device’s electrical response property and the accumulation processes of charged oxide traps

and interface traps of semiconductor devices, as well as the shift of electrical response after

irradiation damage. We have simulated the total dose effect of device ionizing radiation and

the enhancement effect of low dose rate, and the simulation results are quantitatively in

good agreement with the experimental data. The software adopts C/S architecture and is

divided into two major subsystems: local client and remote computing end. The client part is

composed of pre-processing, post-processor, control module and communication module. The

main functions of the control module are the mounting of the solver and the construction and

management of the numerical simulation process. The pre-processing module is primarily

used for geometric modelling and mesh generation. The communication module can be used

to initialize the parameters of solvers and monitor the hardware system status. The post-

processing module is used for analysis and visualization of the simulation results from the

solver. The solver module includes two solvers (DevSim for general semiconductor device

simulation based on the DD model and TIDSim for simulation of radiation effect). The

solvers are developed based on the three-dimensional parallel adaptive finite element platform

PHG [1]. Those solvers use MPI communication to support massive distributed parallelism

and now can simulate ionization damage effect and electrical response of a device with a

billion-scale mesh. The software system is going to be developed and improved continuously,

the detailed and updated usage please refer to its manual.

Keywords: semiconductor device simulation; radiation effects; mesh generation; visu-

alization system; finite element
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1. o��k��Wen���/[�� (TCAD) 
p||�C-/[rH\*i',a�vSZ!.wr TCAD ℄[j}Zu��WedY�4�0IÆe. TCAD ℄[R7	_y 40 �Æ?�, ('℄[	 Fielday [2]�Topmost [3]�Caddeth [4]�Minimos [5] l= Sierra [6] �. �3id℄[L|�dE/� Synopsys j6Æ Sentaurus [7] l= Silvaco j6Æ Atla [8]. ?.id℄[&�2l#�wH=43�\0>H=D%, 54I^2E6
�w*�n�Æ0>H=, ���zWxen�/[�M!z��. 	(Æ2<MQnÆ0>_w/[��℄[u�4OO|MR7Æ STRIDE [9]. Zk, COMSOL Multiphysics [10] 3�;UA�



2 ( ([� �: 3Ddevice: ��X0\>*L:Bh-{BA^\� 123℄[
b, ��H=DM�nS��q��!�H=�(, &e"\*j�lrH���:x>/[A�.��W/[&K9%�a	�nÆAg,z, Y�P�Q�h�/ta���(, tY/[lHz,./[K9Ag�:�#/[��
HI�:P",Y/[�9Ag�:EAp_y 20 ℄�rE?\, 5/[��wEAp�Æ?\#℄�HI�?\. Ze?x, /[K9Ag04�rBÆ, 	�nÆxUuF�(, ?zWxxU`�. wr, �LÆ/[K9Ag��D_1�a3℄zWx�ZÆg
��x>_w��E�. �3l℄Æid TCAD℄[��ÆK9Ag�:#fW�, 4�l��/[ÆAgh"�\, 4
���:Æ/[K9Ag,z. `�, id℄[0>H=
D4�, 4��3zWxg
��Æ_w��. MrDWI9/[K9Ag��℄[. Ii>z|MR�g0�7Q�9Ag,z��℄[�
Floods [11], ���zWxewl=6wÆ�9Ag,z��, 1/[�9Ag�;4\R�	�|Æot. s~ Sandia �W�R7QeQ��W/[K9Ag��℄[ Charon [12],)l_�ZpNnba�1MAg,z��, 	DW6|Æ0>H=
D. ��T℄[u Sandia q�℄[, D��aDidz�℄[, )G�R4n�lE���.�~&��W/[K9AgY�l_l�WR�ul, ,P��=:?xÆR�e��1fn. �3l�qt�/[Ag��Æ℄[
b. 2�M[4qU (TZ2016003) Æ|DI^, �uR7Q��W/[=)K9Ag,z_w0>	����℄[ 3Ddevice. T℄[
p"NH=�9K9℄[/[["�I��*�rxI��*, 0`eAg�/[Æ�M!z�h. 
�uEK, �3T℄[�~�w	ÆlH�l�7ÆB1 3D ^���W/[=)K9Ag,zÆ��W	��A�℄[z� J. T℄[��QlEÆ,P��_|l_℄\, rx��, g
lE. `��u2~S��	��℄[� PHG [1] �7Q	�lK�SGÆ�6p:/. �up:/	{J�Æ|{�0>�
, �3�l��	y 10 o℄7xW��, 2000 ℄�ljÆ|{�W
Æ|<M0>.

2. Q41)uU0!℄[ J, <���+ - N�+, ? C/S(Client/Server) Qn. ,P��_|l_℄\,3k;�Ap/��k;	)a��+Q+3k;�k;, Ap/9E!>&N�/+. ��+, 9"��℄T PC, �n[℄�, n[^NE���"�Tb�d�E�n�	N�+, 9"N�/<M, l_�1�:ÆAp. `�, uQ�Æ���uH=A�}�, &��+���", 13℄A��\�u?,��[{[, x>beÆ *�x;.&g
nnj,��+l_℄g
(u�6,? GUI rx�(, �j;b�C��2!rx, Ti��,
D��e.,e�6w,
��"rx, l= CAD ℄�0,
n��_w,
x> 3DU�2�Æ_w��"rx. {[x;�(, x;t$�℄B	eg�\aESvÆE	aU{[,
. U�x;�(, �_℄�Æ�:,
jnYN�+,
%, 0^KN�/.$e℄H=�dl=&��+N��uH=uM, Y�H=lZ, 1H=n�x>E). J-QÆ�7, ��+9EK,��	{f61�
DÆ Python �T, �� J�3eAp/�H=%��I%LU	,Æ1�1g.&H=w<9E, K� C �T Fortran. 1��+lW GUI 9E,KE Qt [13] �ue<��-Q, nk^89E<� paramiko [14],��fuX.Æ SSHv2 /u SFTP /ux>^8b'{[. ��"9E�� visualization
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toolkit(VTK) [15] l= Matplotlib(MPL) [16]. `�j'E��Æ7%���4g5R"ÆC�
b~[%�, ��℄[EW	J�Æ' J�, 
pf�Æ& Windows, Linux 
bj!>��. ��+9ElWEu_|�[, 3k;℄[��0I^�e℄���[�_?B��:{[�n[^NE��n[�"��:nn��"�g
	̂ 8�?,x�℄[��0Ap/?,"\�H=U�Tb�,
^8�g
	�k;��0Ap/n�,
aÆU,
��;,
Æ2�E�g
.

f 1 h�Rorf
2.1. };�"�$x;te℄e	Ze℄eÆ8�℄. �0���[{[Æ3k;, ?,"e\, eÆr[O>l=n�ÆN�. `�l)nnÆ<
, 2�eE℄A�℄\�\.r℄k��.e℄A��\Æe℄%k,I^3℄%k0>x>.`��l��te℄%kjx>EL�)h��w�C�, Mw���_℄k�ÆuM�?,+N, l*1k�ÆuMx>(;V. ���lMgt�"9E �3k;�(, Ap/�(�k;�(Æ�ug
�[, Ye 2(a) E�. `��u?,{[�^� pro {[x>�[�x; pro {[�l��w3k;�	Æ�un[8�, 0r[E_��ÆAp/=)�u?,l=�k;
VTK,
ÆwCz[.WAp/?,�Ap/7:�l?Y� 3.3k, pro{[Æ(1�l?YSd9E.

2.2. M��3k;℄[, �[Q_e�e℄�g
, �lvZ�u/[ÆZ^N�/[Æn[, 09I^�l�r4/2a<Z/[�e%. `�℄[�[ CAD ℄��(, I^����-wB�4℄�P"Æ/[�:. I^�[ Sentaurus ℄�vZÆn[. �[���Ap/=:���Æn["P?:, lru-w�7Qn[^NE��(, �o��Qpn[^N>.. uQz1+vn[*�Z4�IÆ~U, �7QÆ�"�(, _�^Nn[�"uZ^NÆn[.



2 ( ([� �: 3Ddevice: ��X0\>*L:Bh-{BA^\� 125e 2(b) ��Q, ℄[& Windows  J�Æg$��. o$a9u��"C�, ���/[�:; 
F�l1n[x>C�-K; �F���n[Æ,
8�; �?uVWo$, ���uC�uM, n[uM�8�, �T�℄[�3>..

2.3. -��e 2(c) E�u℄[Æ�k;9E. 13�;U��"E�9E, ℄[�� 1 ℄ 3D �OU�, 0�	�w,
x;��Ox;�g
, �l1Ap/,Pn�x> 3D �O,
E�. lW<� VTK �Ox=, &rx�+o$�� QT o$ �, L=�l�H5[��.1 3D �:Æ�O, ℄[I^B��:�_e�x,
�O. �OI^Æ,
7:��E�W,,
U�E���,
U6wD�,
.

2.4. it�^n�H<e 2(d) ��Q^8�?,x��(. &r�(, ��K,�zÆAp/, x>?,r[.!℄[�l^�Mg(;?,�[{[Æ<
x>H=U�Tb, t5?*x>�k;	alI^�oÆ?
x>?,r[, ��a
T�8��[1z?,, �
b�$vZ1zÆ?,�[{[. ��&℄[rxÆ
�?x>H=k�ÆK,, &�j?��N�EK,ÆN�/�3H=}�Æ��>.. `���+N�+^8<� SSH /u, ��&��+�[�\l4Æ IP �S�+$
N�/Æ SSH ��}�wl, ?��dN�/, N�uM. ��+^��\
bG�, ��1Ap/Æ �. U�Tb�, &��?��N�Ap/ÆVW�e.

f 2  �,^\mX��DsysI
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3. (KI=

3.1. M��'JH<E℄℄[ JÆ�6�1/[Æ��. /[B��:ÆwL�, �"	dA�n�ÆwL�. 3k;℄[9El_��: /[B�℄�, .xn[vZ, .xn[�", 7xWn[vZ, n[^NE�'rC�-K���(, 	d�e�H=Æn[.

3.1.1. L35Htd&V�/[℄����W TCAD A�Æg_℄\, a�3k;�(ÆuZ8k. 1�:Æ��W/[, �u℄BQ��%. ���lMg ���, 0Mg E�uÆB�`x?,, ?�vZ1zÆ/[_wn[. e 3(a)(b)(c) E/u MIS�PN nl= MOSFET /[Æ��vZÆ_wn[.

f 3 0\�f�2{o\`�, 3k;℄[aI^ � TetGen [17] vZWn[. TetGen �e℄u_w3xWC�vZ7xWn[Æ℄[�, HvZ|LÆ�* Delauany 7xW�'r�� Delaunay n[
Voronoi %E. ℄[aI^�[��id℄[ Sentaurus ℄�vZÆ/[n[. Ye 4 u℄�vZÆ/ MOSFET �xn[.zWxÆxU`��3�K9AgR�aÆe℄g_Y�. 5�H={��\, ^�id TCAD ℄[�l13zWxg
��x>Z|*_w��. 3xnn&3k;a, #�xnnuP", MgEWvZZ^NÆ_wn[, �e℄/�ÆD%~U. �uB13xnnÆ|{�n[vZDA, <�QE`Æ5 , ��Q2brx�*ÆE(vZEW�tÆg
, 	,Æp�QEWvZ�Æ<*|*~U. l_℄\Y��
A. L"3xnnÆE.��P�< (PLC) �:, Ke)aÆx[Ubrx, 0-Ku�*



2 ( ([� �: 3Ddevice: ��X0\>*L:Bh-{BA^\� 127x. vZ�*xjÆ_e<n[, 0 �*x
�LFÆC�l#!���, t5�H3x�t�n[&brxj�beÆ. Ye 5 E�u3xnn PLC /[brxk�*n[;

B. _3xnnEW!U, QEZ3℄�x�nn, 0�^n[.x PLC l=�*x_en[!���8�. B1r℄�.xn[, x>�xWn[vZ℄\, &�xvZ�, s"�*xjÆ_e<4+, t5�	3℄�x�n[(;

C. _E	�n[
�*xx>1,�0, �lZQE℄3xnnÆn[vZe�.=:uZ�&D_��vZe℄vn[. &vZn[�YO Steiner �, 0^��\
Steiner �Æ,Nz["\vZ�Æn[<M, ��vn[4$$�*xjÆ_e<.

f 4 0 MOSFET �yo\

f 5 4yoo PLC 0\syl�+o\
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f 6 '�+y f kZ�Tw Steiner � d .h5�#Twy	:� d[17]Ye 6 E�, ��n[`�w&�*xD�*x, &vn[�"�, D_4/Æ1D_YOÆ Steiner �<x>�h, Steiner �V Fw& PLC �90D�*xj. �*xjÆ Steiner �4?�H=, �r�l�HbrxjÆ�*_e<4$. 	��t�^��*xjÆ_e<x>��Fg,�tZlEÆ3xn[nn. Ye 7 E�u 4℄ MOSFETx0��CnnÆvZÆn[,�e.

f 7 4 ^ MOSFET y1�=[�4yooo\-�
3.1.2. d&:℄.n[��"�(<�Æ�~L^�Æ VTK [
. VTK %a��"Æ�6�3'<,
Æ��", ?E	Æe<&w�M�℄�ZÆ_e<�7':3'<�Z. gW,\e&,\Lk, E	Æ��",
&&Es"u3'<,
Æ��". 3'<,
,\
p e<~[,\g$g�, 09x>O<	�#W,\<**�3. .xn[Æ��"G���3'<Æ,\, ED_��"Æ.xH9u_e<. 1{�f|Æn[, T℄[l_��
vtkDecimate ETiÆ3'<*XD%. ?$D%u VTK Æq�D%, H<��Æ_e"D%, 09 FmrV$e<Æj&nn, �l|{�)Xn[,N. &wD_�9��"8��, ℄[l_��� vtkQuadricClustering,�l��Æk;n[��,��4D_es_E	n[H9)[�w. 1n[��"aÆ.x �", ℄[�� vtk au3':TiÆ�



2 ( ([� �: 3Ddevice: ��X0\>*L:Bh-{BA^\� 129:'H=/, vtkPolyDataNormal. H�lH=n[jr℄�Æ:', ?℄1:'gyÆVyn[�l�.x �"k;.3k;℄[�l�4`Æ℄
4�O`"Æn[, Ye 8(a)(b) E�, ���l^�*mZ4&.x�O-Q�OLU8'. `�a�l^�K,C�-K4/Ee9En[, Ye 8(c) E�.

f 8 o\�P=�uQo���13eZEn[Æ��"DA, D_&%x�, V{7xWÆ.xx>n[�9, t5�bea6C�Æn[. Ye 9 a, �u7�/[a6C�w&fu OZwÆn[mE, e 9(b) ��Qw&�IÆ>.�, SvÆn[`*�x�Æn[^NÆ�^>..

f 9 0\�5a�[:F+
5a�ooS�
3.1.3. d&s.t{C"f&3k;℄[a	n[^NE��(, �(�1j}℄�0vZ�Æ/[n[x>^NE�, t5&x>Ap/H=L3, �qn[Æ^N>.. �(*`ee"ÆT-bH>



130 -QI>�I>5{� 2020 �.e, ?.T-e�l�o���/n[^N��:|*Ap�Æ℄[,>.. �n[^N0q	te-w, 5�,P?:�". !℄[t�uDAe7, &aER�n[�kRDÆ>.�, rHQ^NE��(Æ�N-w, T-wl_B17xWn[��, ��W7�'X�xe (7xWÆx_e<�Æe*)6xe3eT-x>�N [18]. &_eT-a�W7N�PÆ��lQpn[tv	�Æ'`*>.	7xW�X-'#�lz'n[ÆTe>.		+xe�l<z7xW��Æh">., �Jh"Z x. 6xe, �N7xWÆ<0*, �J�<0.e 10 aS	Qe.4	q&n[ae�Æ�^N7xW. 7xW 10(a)  10(b) aw&e℄0L℄�-Æ', 3xT	ÆBe^N*N&�l,/e?e7:Æ7xW. e 10(c) e 10(d) a7xWÆ7℄!�B��lxÆ, ��HuÆ	X'�	-'K	f�ÆÆ#A.�XÆ7xW 10(e) 	|+�aÆ6xe, Y�V<�	+6xe�u^N*N_4
�/e?77xW. wr, �u<Ej'3eT-x>n[^NE�.

(a) (b) (c) (d) (e)f 10 �f�_O�8yXn[�"�(�uQn℄eeZ�ZÆn[liH=��. �6�n℄e�Æ_w�* Delaunay 7xW. T�(�l1n[x>z�l*gn[%Ea�9R$)u`�^�1e�b'�k�egl=n[�"�C�1n[x>j&�" [17, 19, 20].

3.2. -��'JH<�k;�_Ap/E�ÆH=n�le<e&Æ<
, &H=4#�j2�`��. H=n�ÆGL���lE���Æ,�Æ�TMg}!��Æ�/WW. E��Æ��"=:a��1,
Ænn�$�x>C�, x5���,
8�s"ue<Æ�\.

3.2.1. R�pT-NU,\>e, D__-N,
�qu RGB 7:,
. Ud�q/_r℄,
�qu
RGB P, 5!UUdÆ�[4�
���3Æ. El<��PCUZa:, _P��qu 256d�
, x>H!UUdCUZa. t5�	HI�;UÆ>de. ^� VTK �Ox=, lZ-NU�qr[.Ye 11(a)(b)(c)(d) E/u1 BJT ��W/[��n�Æ�Æ���w*�!Ow*�/[;Rx>_w,\��.
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f 11 ��#F��)25a�<V�-℄
3.2.2. ^8�lwu_w,
�:�	�9nn, �p1_wW,
x>wH�	W�Æ?:��<℄.!℄[TiQLe<℄{-�x<℄, �Px<℄, �lQ��i$C�X, ��1�0!UaÆ�ÆE6�!O�*E6���w*E6�̂ �w*E6�;1w*E6, l=|Be"MI��*Æ8�TEN�. `���,
TE/TEM�!UjÆ,
.

i. G�l!℄[E��ÆTE,
u7xWn[, jxWn[V	Le�
��jxu_e<�, KP/�_e�_℄!�P. �jxu7'<�, Hg1e�<ZL℄_e�, %x>KP. ?℄, jx	d*<Ze℄Dnn"Æ x.

ii. !yG�l�Px�ZeeE��;UÆe. &��Px�, ���[�Px,P, �u1E	Æn[zE	Æ', &'jx>KPL"�PxjÆ�. ?℄vZÆ�PxjÆE	k���n['jÆ�, 5�PxjÆ����?.��ZÆ_e<��. ?℄vZÆ�Pxpp&D_xe8z�k;l*��Osw. Y�&�PxLF<8jw&�P�, x5���P�x>�Pxgn. gQ1!U�;UE�Lk, 1��,
ÆE�a�g_g
, ℄[TiQbH�e, �lE���,
aÆ!U,P.

iii. ^8aOL,
TE/�lTEM�!UjÆ,
0,e. 1D�;U,
, Y�℄�:Æ�Q -
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, ℄[I^TE0,\ I-V D�.

VTK TiM�b�e, vtkLinewidget, �����#-i$"[�, *j7) �,=)L+�Æ-, &) �,a)EÆ-�n`g
�(, 0���es) �,Æj7. 5,
TE/r�vZ vtkLineSource 0^�lj;�(_A)E�w0.$KP�(, &?.lZ�	d_KP,
n�=)�e.

f 12 `f=^��Y 12 E�u, _e<℄�
, )a (a) e
�E/ujxÆLe>.jxÆvZ,�,

(b) e
�E/u�PxK��qe�Px,�e, (c) eu1�;U,
x>M�PH0,\D�e.

3.2.3. D�/z1℄Æ,
, &r℄k�jue℄_w'N, ��D_��KEe℄e�k�, N�^�?℄k��'30='�Æ7E, 43y	�zÆ!$k�, ^�x�_?.���, 09x�Æv�}9�Æ℄U6*	u, �p�*vZ℄Æ!$}9. �WÆ℄��l�Z℄x. Ye 13 E�u1�U�Æ��.

3.2.4. +W^8 g[&x>�;,
E��, 1W{{�n[, ℄[�l�.��H=g
, x>��H=0�O, t5<Z��$�. Ye 14 E�u�Px+"��$�je, 2�Q�Æ�Px+"Æ$M{e.

3.3. N7LH<!℄[�[LQAp/e℄g
�(, E/uAp^���W�MR�Æ DevSim�A
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f 13 ^V�-℄

f 14 ��-��%��p��WKqAg�;?NÆ TIDSim l=^�?L℄Ap/�� ����:/[�Kq�9AgÆ�u�M!zA���Æg
�(.r℄Ap/2 PHG [1] ?e0>��z	�� J. T J��M�e\H=~Mg��W�R7. PHG Æ�6�E6
ÆIsn[nn, 
k;_w7xW/ �n[7:.

PHG <� C�T�7, ^�x'1(Æ,
nnl=��g$��Q0>n[%E�$MQ# �n[�9��zOw�Cv, &yB0>�kÆ`�u0>��z	��\HÆ�7TiQ�pÆX.�.

3.3.1. DevSim  Xq
DevSim<��h2a�:4����W/[a#℄�Æ�!�\, ^�0>	��?:4Ap�zÆ?\�, ��/[a��U�#℄�ÆE6>.. 1,Pn�Æxe8k;�E�	o;p/[Æ_e�MR�,`��lVH,P�:Æ	,�,0^�,P�:1�
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SvÆ�(x>�H.,P���0z'�UÆ Poisson ?\:

−∇ · ǫ∇φ = ec(ch+ − ce− +ND+ −NA−), φ ∈ ΩS,)a ND+ u{l"^k�e℄���\&z[jÆ~G�Æ9��*, NA− u�l"^M/���\&z[jÆ~Q�Æ9��*. ��!O�HI�?\z'Y�:

−∇ · Jn = Rn,

−∇ · Jp = Rp,

Jn = −Dn∇n− µnn
(

−∇φ −
kbT

ec
∇log(nie)

)

,

Jp = −Dn∇p+ µpp
(

−∇φ+
kbT

ec
∇log(nie)

)

,)a nie u!D#℄��* Dn�Dp E/.���!O& Si t^aÆ2a
,, µn�µp E/.���!O& Si t^aÆ2hf, Rn  Rp E/u��!OÆP�Sv$. W=:,Pn��?�!�ÆZe�{6 [21].��TAp/�,��D_tk9`"�3k;℄�SvÆ7xW��n[{[ (.mesh);w	��W/[H=a_e'r℄[Æ'r-K{[ (.bc)�	#℄�2hf, P��~��;8�ÆC�8�{[ (.ions). ?>�u`ee��uE��Æ!>d!{[:

mpirun −np 32 . /DevSim \

−s o l v e op t i o n zlamal \

−me sh f i l e Device mesh/PN.mesh \

− i o n s f i l e Device mesh/PN. i ons

−dev i c e 0 \

−doping preg ion 1 .0 e19 \

−doping nreg ion 1 .0 e15 \

−bias anode 1 \

−h 0 .05)a mpirun -np 32 ./DevSim .�<� 32 ℄x\x>0>!> DevSim	
-solve option .�<� zlamal 	��?:4x>!U9aAp�h2a�:	
-mesh file, ions file E/.��[{[1zÆ�	
-device .�EKE�:/[7:, )a 0 1z PN, 1 1z/:/[ NPN, 2 1z/:/[ PNP, 3 1zU,z/[ MOSFET;

-doping pregion .� P :C�ÆR">., ?><�Æ� 1.0e19/cm3;

-doping nregion .� N :C�ÆR">., ?><�Æ� 1.0e15/cm3;

-bias anode 1 .� bias jÆxQjU�Q, )a anode T PN kÆY:, Y�� MOS /[`C, 1zÆ�:-u bias source, )a 1 �.xQjUu 1V

-h 0.05 .� bias jÆxQ8X, ?><�Æ� 0.05V ue8.TAp/Æ℄\e, Ye 15(a) E�.
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3.3.2. TIDSim  Xq
TIDSim ÆrH�uQ1/[Æ� γ K9ESvÆ�FN,z (TID) x>℄����. H^���Æ�h2a<z�: [22] 4����W["I�9��9Ag,zÆ}!,0^�0>	���,P?:4H=�zÆ?\��H)�MR�ÆV+.,P���0z'�UÆ Poisson ?\:

−∇ · ǫ∇φ = ec
∑

i

zici + ec
∑

j

zjVj�u<��NY"Æ�Æ u = ecβφ, )a β .� 1
kBT

, λ = e2cβ .�~�N, zi u� i e�h$C�E~Æ�z��,, zj u� j es"I�E~Æ�z��,, ec ��z��~�N,ciu�:aÆ�h$C�, Vj uT�:aÆ4�h$Æ["II�.�h2a?\u�
∂ci
∂t

= −∇ · Ji + Fci (c,V )

Ji = −

[

Di∇ci +
Diziec
kBT

ci(∇φ)

]z'["I�I� Vj ÆWrE?\u�
dVj

dt
= FVj

FVj
u� j eI� Vj Æ<z<f�,, �C�/I�Æ�*	u. )W�:z'=:��Y!�ÆZe�{6 [23].��TAp/�,��D_tk9`"�3k;℄�SvÆ7xW��n[{[ (.mesh);�	�Æ��gj�#℄�'r℄[2a
,�	u8�ÆC�9�8�{[ (.bc�.ions.cons); w	&x>��WAg���, �:aE��Æ<z7:, GÆ'?,ÆI�$DM<z?\
,{[ (.rhs) TZ0>,fH=|*Æ�Cp:/K${[ (.options). ?>�u`ee��uE��Æ!>d!{[�

mpirun −np 32 . /TIDSim \

−do f type P2 \

−fn bc TIDES mesh/TIDSim . bc \

− f n i o n s TIDES mesh/TIDSim . i ons \

−fn mesh TIDES mesh/TIDSim . mesh \

− f n i n i t TIDES mesh/TIDSim . cons \

−o p t i o n s f i l e advanced . opt i ons \

−Time type 1 \

−s t o p t 1 . 0 e6 \

−d e l t a t 1 . 0 e3 \

−do s e r a t e 0 . 1)a mpirun -np 32 ./TIDSim .�<� 32 ℄x\x>0>!> TIDSim;

-dof type P2 .�<���*7:u Lagrange 6i�x>!U9a;

fn bc�fn ions�fn mesh�fn init�fn rhs E/1z�[{[aÆ'r{[, C���2a
,8�, n[{[, C��N"M<z
,�)E�;
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-options file 1z�[{[Æ�Cp:/K$, W�?� PHG  JÆ���G [24].

-Time type .�1zÆ�U?:: 1 .�<� Backward Euler ?:, 2 .�<��U3`*?:, 3 .�T,�UPE?:, 4 .�<� Crank Nicolson ?:;

-stop t �.���
b����U, ?>`eÆ� 106s;

-delta t L"9a��U8X, ?>`eÆ� 103s;

-dose rate `"KqFNf, ?>�u<�Æ� 0.1(rad/s)TAp/Æ℄\e, Ye 15(b) E�.

f 15 (a) DevSim Bq^℄f, (b) TIDSim Bq^℄f, (c) L:Bh�0\���Bq^℄f
3.3.3. $w_StL3 �,N7�9Ag,z1��W/[Æ	d}!&_<�&)�M!zj. �u&j'LeAp/�(Æ2hjx>��t5��K9�9Agx-Æ/[�M!z.TAp/u TIDSim  DevSim Æ��, &�� TIDSim Ap/x>K9�9Ag��L�, _KqE�Æg_�;?N, Y["��~�I�w* (Not) rxI�w* (Nit) �^�?,{[�k;��"ED{[n�` DevSim Ap/, x>K9�9Agx-Æ/[�M!zÆ��, WÆ�:r[,Pn��?� TIDSim Ap/Æ{6 [23]. ?>�uV`eTp:/Æ��2{.��VD& DevSim Æ!>?,aO[~[ -tid-radiation 1 4�.Kq�(1zÆ�9Ag�:0��Y�~[4�.Kq�(ÆzhAg�:l=O#1zÆ�;N?,�
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−dis−r a d i a t i o n 1

−displacement TAUN 1e−10

−displacement TAUP 1e−7)a:

-displacement TAUN 1e-10 .�zhAgÆ��P��~u 10−10s.

-displacement TAUP 1e-7 .�zhAgÆ!OP��~u 10−7s.?>�u`e?e��ApÆ℄\e, Ye 15(c) E�:

4. ~6u`F!{toQ2�u&℄Æ ASIM A�℄[ J, �7Æe+��W/[=)K9Ag,zÆz�A�℄[
b 3Ddevice. <� C/S Qn, ��P"_w/[nnrH�DD �:��eÆ3�E3`*3�;K9Ag�:��ÆZ,|{�0>��A�.�3, 3Ddevice wI^e.,
[
0wk;���;Æ��". �u_22g
, lI^3,
[
, Y XML  DX, l=)Gn[7:, YW{n[ (	�PE)�_'<n[Zi�; (Y6s�;). �NU��"�)G=:�:/g
ÆAp (Y��Wzh//`Ag,zÆ��)�,
E�el=3k;�(Æ CAD ��%_&y4�!a�	GR. Zk, �!A�℄[
b�3V�e℄��!, _*^I4, HÆ����?:??90l_j6Æ℄[��2{ uw, !{aÆA�w�u�3℄[uMÆ	A2{, Sda`e3Æ?�2{.

5. %EYr\B
5.1. x� ^8&Z>j
i. M��P33k;℄[l_I^L7[
Æn[{[Æ�[, .mesh{[ Sentaurus℄�vZÆ.tdr{[. PHG g�Æ.mesh {[Æ[
Ye 16 E�, )al_�w	_7,
��,
�7xW_e<, ��Mgwi{�ÆÆ-P, 7xW_e<u1zÆ!�ÆDx
.

ii. -��P3�k;I^{�N�l .vtk [
�wÆ��"8�. .vtk {[l_w	L|7B�j&nn�;N. B�j&nn.mesh Æwi79, wi{�ÆÆ-, ��lDxÆ<
wi. �;N9Euk���jÆP, �;N�l�-N�'N07N. W�>�lN�
VTK �G [15].

iii. };�"℄[�� pro {["\E℄A�$�, pro {[l_�� 6 9E�Z.

• name 9E�.{$�}�.

• File 9E�(1�[�e�u8�, )a mesh 9E�.�3k;9[)[Æn[E&!4�wÆz[	type �.{?℄n[E�.Æ/[7:	output 9E�&Ap/Tb�U�H=lZ�, ��w VTK {[Æ!��. ?9Ea��u�k;9[E{�Æ{[�. b/[�uÆ 2D �e~[a& File {[9ET".
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f 16 4l<FJ_� mesh -�\�
• Electrode �(;"s� (0S) gj, ��Q℄[, R�'r℄[��u8�.

• Physics l_��T"A�E��Æ�;�:. �T"�./[Æ2hf�:, #℄�P��:�. �;9E�r[u;R�C��;RrxC�rx.

• Math x>	��?:Ap�, Ap?:ÆK,�r".

• Model �℄BA�Ap�Æ�!�:.

5.2. M��P3XqlA&�1{�0�[k9{[�, 0=t��%vZ1zÆn[�, Ye 17, n[*&℄[Æa6C�x>��.L��l^�^NE��(N�n[^N. Yt Sentaurus p℄e℄ MOSFET /[n[, � Sentaurus �!℄[E��ÆAp/�;4`, )EvZÆn[1!℄[42�
�e℄�^Nn[. ��^NE��(, Ye 18, )&X-'#a, Y� 20 �PÆÆ7xW��3QY� 50% , xe+ 15 *Æn[aY� 15%, 6xe+ 5 *Æn[a|Nw&,	|X-'#u 497�, 	+xe 0.1*, 	+6xe 0.1*. �r�K, +v�n[3#�Z,�:x>	��H=, D_x>�".Ye 19 }��"�(L"�"C��, x>n[�"g E��	4Æ7xWn[�:. &�"lÆ7xWn[a, �^Q�n[Æ<u4+, 0*gQ�n[aÆÆX�) ��, t5�	QeZ�ZÆn[.^�^NE��l�	, Ye 20, bHeaX-'#A"\&Q 10 �l�, |#A+v�9E *g, 20 *l�Æx�e 10 *l�Æ6xe2! *g, +v�n[3#�
3%, 09:+n[��>. Vf, 	|X-'#Au 15 �, 	+x�eu 22 *, 	+6xeu 7 *. �"�Æn[, ��Ap/	dlZH=.
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f 17 u��&w[o\

f 18 �#4�o\_OF�
5.3. -��Ye 21 E�, &�k;℄[a, �[ vtk {[L�, &℄[
jC���Z�lK,�p℄ 3D �:�, ℄[�Ja
�;U,
vZ_wB�nn, `�^�H=Ud�q�,, ,\�W>d<
, �Ol%�, �:,
wC 3D S.a, ���1 3D S.aÆ1({O�uC�. �uC�Æb�bx�l�oÆ<
�e.

5.4. };, it�^n�H<&�"a�[ pro {[�, {[)a9k�C�*x>�u4. 1�"Æa9e
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f 19 �#4�o\2$

f 20 �#��o\_OF�C, �l�1e-Mg �)GA��(, l?e?
 �ÆA�ue℄!�uMÆA�uM, D_�(O#ED_Æ�[{[. t�?uMk�C� �, �lN��u�3uM�Æ3k;��k;9[℄[!>n�. a�ltTk�1�uuM	u?,x>�[.^8�?,x��(a?,�[C�EZ1Æ�X��"E�Æ pro {[�`, 1Ap/?,9E, �lMg&TC�(;BV, a�l^�K$�Æ<
MgZ[. t
�eK"H=N�/�, &�jeN��uN�/uM. U�Tb�, &��?��Ap/ÆVW�e.
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f 21 (a) FX�l<y, (b) Dy

f 22 (a) CW�vl�vN, (b) I>~�O�, (c) L%��\�-, (d) WX�f� 9 e h
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