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Abstract

In this paper, a series of algorithms for quantitative physical model of ionization damage

effects on semiconductor devices are developed, including finite element method, implicit time

integration and decoupling iterative algorithms for nonlinear systems. The algorithms are

shown to be effective to deal with the model complexities, including multi-physical coupling,

nonlinear reaction system and stiff matrix solving. Based on the three-dimensional parallel

finite element platform (PHG), these methods have been implemented into our simulation

solver, TIDSim, which is designed for simulating ionizing radiation effects on semiconductor
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devices. Ionization radiation damage simulations of silicon devices were performed for typical

field effect transistors NMOS, bipolar transistors GLPNP. The numerical simulation results

are in well agreement with the experimental data of device irradiation.

Keywords: radiation effects; ionizing effects; total ionizing dose effect; finite element

method; TIDSim
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1. ?��:Q�'�%�E#vB}℄*:rÆ)bG��hI�tCX; [1]. �bRU�vs'�C�g�Z|��\: E���\ (Total Ionizing Dose Effect),	U�C�A��E��	��p�	� [2], O�l���	℄�\ (Enhanced Low Dose Rate Sensitivity, ELDRS�\) [3], 	�GzE'���W��, 6�U�C�A�'����%l�	�. ELDRS �\�g7O_�KZ'��?JF�Ev�℄Z*. U�vsC��\"1n1;I#%235rI:hqrvP.Q�'�*�bRU�C�~-g�4|�1�, �
j�U�Br6\vRn�p�b*U�U$v8EM, {��
j��=ÆBrQ - Q/�3+n�p�b*U�!+*gO	℄O�U�	Vr. `%U�Br6\vRn�O�3+n�	Bh}}2~-I#%23h�TvP. XTgZ�h=O;Ewe"{�1�rn�p�hz�}}21$ [4]. �q1&�xYZ2 Mark Law a�|lpI*Æ>hz�C�1$ [5, 6]. -1$%4Z��*ke�hz�1$, P0\0�_�v=h~��N��Hl��B*gO�/B'�nl�rj	4~-. d, 1$0h22℄OYYpI*Æ>eg, �/�5)KW�*l�l8(Æ>.4ZU�vsC��\2$1;;E/W��*�, EW8E�0lt$U�/D (5/ - �=ÆBrQ - Q, MIS /D) vsC�~-hIl{�Æl? 1;, ��n�U�vsC�nv2Æ\|l2$1;�+h;E/W. V[2=HÆ>)�k$, vsC�1$%I8t$h	J#�	zu�℄3*�
*Zg1$,P|le1U;�7�yy6lY�bRU�1;e1U. 23G��n�g�h1;y�, ��bR TCAD y��U�'�C�1;!J:5)I. ���1vP, w(OM�I�M&lvsC�z�1$h2$>�, P0�fg�t_�s~�B��uzhZ����#7�O�℄3*�
*}℄1Zx℄>�, $|l|l$(D&\g�tHI PHG ;-�U�vsC�$(g�te1U TIDSim �\y�}℄ 3Ddevice [7]. w(1k�=�\=RL NMOSFET d6�=RL GLPNP, #"8(�U�vsC�E���\O� ELDRS �\1;5). Eg2$1;/Wi_n;g���'��?2K.

2. ��h,!j��7
2.1. g�+ I;o�{H�'�W���=ÆBrQBr6�(kd:\�bR/�. Q��
y��8U�9.jbZ�h�Hl��B. U�Q;�hr<�h�Hl��By7<*gV.. Br6



2 O  �3 k: �SV�wt(�D��^2<i4&���^e 107O��=ÆBrQ - Q3+[gZ�h�\:
n�O�b�/, :n�Hl��B��*�h-� - �\YH. XTvsC�}}2YH8E���U�Br6O�3+hr.Br6vsC�8E}}2~-S/w� [8],

1. XM��\: 	Q��
j�Br6hr<�vB - _4�;

2. 0H� (Nit) /B�E~-: 	vB�_4�Br6Rn��b#B (H2 ) ��I}�*��\, $'�/Bh}}2YH;

3. Br6\vRn� (Not) �E~-: Br6:
n�(z_4, &EB��uzh\vRn�;

4. l�r�\: /B�v=O�z�-�) SiO2-Si 3+, n�roh Si-H �O#Pvvk0H� (Si-), 	\v3+n� (Nit) hYH, 	 H+ + Si-H←→ Nit +H2.�1 2�3�4YH02n�\h|BO�n�BÆ 184,P0℄M}|BkvB (e−)�_4 (h+)�b#B (H2) O�/B (H+), 3+n�kQb� (Si-H) n0H� (Nit), Rn�#"k\:
n� (Voδ, VoδH, VoδH2)�:
n� (Voγ , VoγH, VoγH2)O�\vn� (V +
oδ , VoδH

+,

VoδH
+
2 , V

+
oγ , VoγH

+, VoγH
+
2 ). Æ A k℄}|BO�Rn�JEh' �, 	 A = {e−, h+,

· · · , V +
oδ , · · · }.|Bnn��\�H8E#k�4r$,

{

A1 +B1 ←→ C1,

A2 +B2 ←→ C2 +D2.
(2.1)k��1��, w(Yx�_o|B�Id , $# (2.1)1 5�k

A1 +B1 ←→ C1 + Id,P0 Id h���3k 1, $��\0�J)�. |Bnn�h�\�HEÆ 21 8, 2�! 1.Æ A+ = A ∪ {Id} k	O' �. w(ymS�k!!|Bnn�h�\I}, 	
R = { (ι, τ) |W� κ, ζ ∈ A+, �g ι+ τ ←→ κ+ ζ }.fl�\z℄O'w8., EO (ι, τ) n (τ, ι) k�g R �[ht;. �\<���l2n�\|BO�n�h��, $`�\<�}2YY�\$qÆ>, MRÆ>��2� (Yq�). Æ Rι k ι(|B/n�) 2nh�\, 	 Rι = RI

ι ∪ R
II
ι , P0 RI

ι = {(ι, τ) ∈ R} O�
RII

ι = { (κ, ζ) | κ+ ζ ←→ ι+ τ, (ι, τ), (κ, ζ) ∈ R} . 6% i(|B/n�) D�E<�k
Gι = −

∑

(ι,τ)∈RI
i

αι,τCιCτ +
∑

(k,l)∈RII
i

ακ,ζCκCζ , ι ∈ A, (2.2)P0 Ci k i (|B/n�) h��, αi,j k i n j ���\h�\<�}2. fl�\}2�:28�
, XTvsC�1$%I8t$h℄3*1$.



108 4&��p���^e 2020 ?℄ 1 z9qBsa}�3w��yqB1'�^�I Ef (eV) Er (eV) ���^=�~4 >��^=�~4
Voγ + h

+
⇔ V

+
oγ 0.0 4.5 1.03e-13 1.26e-62

V
+
oγ+H2 ⇔ VoγH+H+ 0.5 0.8 1.92e-19 1.03e-19

V
+
oγ + e

−

⇔ Voγ 0.4 9.0 1.97e-14 3.21e-138

Voδ + h
+
⇔ V

+
oδ 0.0 0.6 1.03e-13 4.16e+3

V
+
oδ+H2 ⇔ VoδH+H+ 1.4 0.8 1.46e-34 1.03e-19

V
+
oδ + e

−

⇔ Voδ 0.0 9.0 2.06e-7 3.21e-138

VoγH+h
+
⇔ VoγH

+ 0.0 4.5 1.03e-13 1.26e-62

Voγ+H+
⇔ VoγH

+ 1.8 2.0 8.21e-37 5.04e-22

VoγH
+ + e

−

⇔ VoγH 0.0 7.5 2.06e-7 5.07e-113

VoδH+h
+
⇔ VoδH

+ 0.0 0.6 1.03e-13 4.16e+3

Voδ+H+
⇔ VoδH

+ 0.6 0.4 1.03e-19 3.81e+5

VoδH
+ + e

−

⇔ VoδH 0.0 3.0 2.06e-7 2.00e-37

VoγH2 + h
+
⇔ VoγH

+
2 0.0 0.6 1.03e-13 4.16e+3

VoγH+H+
⇔ VoγH

+
2 0.8 0.4 1.03e-19 3.81e+5

V
+
oγ+H2 ⇔ VoγH

+
2 0.6 0.4 4.02e-21 1.90e+5

VoγH
+
2 + e

−

⇔ VoγH2 0.0 9.0 2.06e-7 3.21e-138

VoδH2 + h
+
⇔ VoδH

+
2 0.0 0.6 1.03e-13 4.16e+3

VoδH+H+
⇔ VoδH

+
2 0.8 0.4 1.03e-19 3.81e+5

V
+
oδ+H2 ⇔ VoδH

+
2 1.2 0.5 3.35e-31 3.98e+3

VoδH
+
2 + e

−

⇔ VoδH2 0.0 9.0 2.06e-7 3.21e-138

2.2. �Hr`w(Y� NMOS _LU�, Pvs'�C�I�hr%����hBr6,2�_ 1. �
Ω kU�Br6hr, Γs k�=ÆBrQ - Q3+. vsC�}}2YH℄OfFMh~�\�Hk-1, Pa-�Hk











∇ ·E =
ρ

ǫ
, in Ω,

∂Cι

∂t
= −∇ · Jι +Gι + χ{e−,h+}(ι)Ur, ι ∈ A, in Ω,

(2.3)P0 ρ =
∑

ι∈A qιCι kvb*�, qι = zιq k ι (|B/n�) \v�, q k_ovb\v�, zιk (|B/n�) \_ovb2, ǫ kBr6 α-SiO2 4v}2, Gι k ι (|B/n�) D�E�,2� (2.2), χ{e−,h+} kN�^2
χ{e−,h+}(ι) =

{

1, ι ∈ {e−, h+},

0, ι ∈ A \ {e−, h+},

Ur kvs'�jbvB - _4�h�E^2 [2]

Ur = Y (E) ·G0 ·R, Y (E) =
( E

E + 0.55× 106

)0.7

,
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G0 = 7.6× 1012cm−3/rad k' rad '���jb<�hvB - _4�*�, R k'����.�D�Hk
{

E = −∇φ,

Jι = −Dι∇Cι + zιµιCιE,
(2.4)P0 φ kBv$, Dι d µι #"kh~}2nXM�, $`!I Einstein I} Dι = µιkBT/q,

kB k&A"�2, T kQ�p�.Br6Rn�n3+n�RkGzn�,XTPh~}2k�. ℄M}|Bhh~}22�! 2.

` 1 V�wtD�J�is"T`℄ 2 α-SiO2 ��>kÆKf
�1'|Br$ e− h+ H+ H2h~}2 D (cm2/s) 5×10−3 5×10−5 1×10−10 1×10−9flb�r0H�,E2��h6ptC, EOw()Y�l�r�\h=�\. XT3+n��E�Hw�,

∂CNit

∂t
= αSiH,H+(C0

Si-H − CNit
)(JH+ · n), on Γs, (2.5)P0 C0

Si-H kQb� Si-H hL�+*�.:SdP�
*� Gl RkGzn�nFMh~�hZg, w(℄O1#FMh~�
(h+�e−�H+�H2) :MI8R$, �P
*ro�H.�j9Y9-vPh3*H�. �xw(1hR$�jk Ch+ = 108/cm3, Ce− = 105/cm3, CH+ = 108/cm3, CH2

= 1015/cm3,�xhk$R2Y�?0Egdh$ [3, 4, 9].Y9�8I,�}2�HJhL$vP:

dC

dt
= AC + g,

C(0) = Cbulk.
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n�d:
n�$)#+�I, EO&E�#I�:

A =

(

A1 0

0 A2

)

A1 =























−1.03× 10−5 2.00× 10−9 0 0 0 0

−1.03× 10−5 −2.00× 10−7 1.03× 10−11 0 0 1.90× 105

0 1.92× 10−7 −1.00× 10−5 0.02 0 4.00× 105

8.00× 10−29 0 1.00× 10−5 −0.02 0 0

0 0 0 0 −1.00× 10−5 4.00× 103

0 4.00× 10−9 1.00× 10−11 0 1.00× 10−5 −6.00× 105























A2 =























−1.00× 10−5 4.00× 103 4.00× 105 0 0

1.00× 10−5 −4.00× 103 1.00× 10−11 0 0 4.00× 103

0 1.50× 10−22 −1.00× 10−5 4.20× 103 0 4.00× 105

1.00× 10−11 0 1.00× 10−5 −4.04× 105 0 0

0 0 0 0 −1.00× 10−5 4.00× 103

0 3.35× 10−19 1.00× 10−11 0 1.00× 10−5 −4.00× 105





















℄OgdP�\h}2I� A hN�$, P�\hLZN�$dL�N�$k:

max
i

Re|λi| ≈ 6.0× 105,

min
i

Re|λi| ≈ 2.5× 10−13,:Sd Reλi < 0, ` maxiRe|λi| ≫ miniRe|λi|, XT-vPk℄3*vP.

2.3. b\F/�1$�\hÆ>�jk_ 1hn� Oxidehr. �Hh�3W�, P0 Γu kn5/ Gate'3+, Γs kn Si '3+.

• n5/ Gate '3+ Γu, v$�P�1 Dirichlet �3W�, P0 φM k5/h?^2,k 4.1V [10], |B1|*�3W� [11], 	:

φ = Vg − φM , on Γu,

Ci = 0, on Γu

• n Si '3+ Γs, v$�P�G1pIr�3W�k+P$, P0 φS k�bR?^2,k 4.4V [10], 	:

φ = Vg − φS , on ΓsvBd_4G%|*�3W�:

Ce−,h+ = 0, on Γs�/B�,EY�3+Kh�E}}2�H, Yxp|r�3W�, P0 k = 10−11

cm2 [8].

JH+ · ~n = kCH+ , on Γs
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• nO�hPG�3 Γ \ (Γs ∪ Γu) kn_W'3+, P�|B���#�O�v$��b2Rk�:

J(Ci) · ~n = 0, on Γ \ (Γs ∪ Γu).

∂φ

∂~n
= 0, on Γ \ (Γs ∪ Γu).'�Z�= SiO2 hR�n���w! 3 E!. Voγ �Voδ�H2 O�brn���:5KllU�h�<=Q, w(7:Mt$W��hHR$. ��\hFMh~|B, wvB�_4d/B, H(hL�>K��k 0 cm−3.℄ 3 t� SiO2 �_DfÆK#�l|B/n� H2 Voγ Voδ VoγH�� /cm3 1011 − 1020 1015 1018 1014|B/n� VoδH VoγH2 VoδH2 Si-H�� /cm3 1014 1014 -1016 1013 -1016 1013 /cm2

2.4. ��g�+ g84��6w(�8(vsC�v2Æ\5)�, ���vsC�1$gdPMRhzu�22, �#Eg22\xY�bR01;gdÆ\hv2!a. Y�bR��MR℄2Y�VhIDq� [12], �xw(�E-1.Y|l�bRU�h2$1;�f-1Q$ (Si) hr (ΩSi) v=#+h Poisson�H:

−∇ · ǫ∇φ = q(p− n+ND+ −NA−), in ΩSiP0 p k_4��, n kvB��, ND+ k�8�/A�I8vBo��=7�h\�vhsB��, NA− k,8�/)zvBo��=7�h\+vhsB��.vBd_4~/*�H-1w� [10]:

−∇ · Jn = Rn,

−∇ · Jp = Rp.P0
Jn = −Dn∇n− µnn(−∇φ−

kBT

q
∇ log(nie)),

Jp = −Dp∇p+ µpp(−∇φ+
kBT

q
∇ log(nie)).P0 nie k����B��, Dn�Dp #"!!vB_4� Si 4/0hh~}2, µn�µp #"!!vB_4� Si 4/0hXM�. Rp d Rn #"%_4dvBh*g�.vsC��lU�hC�8E#k�r: pIr%�)zh�Brzvb Not, YYv=h.�kYRv�h�r [13]; pÆr%YY3+n�Y�h!+*g. w(�gdvsC�22o�e1~/*�H�,E#P8()[hQu.



112 4&��p���^e 2020 ?��'�b*hÆBrQ\vn� (Not)�U�v=h_Æ,,E Poisson�H��RÆ>�, �ÆBrQ (SiO2) hr (ΩSiO2
) T��\h\vn�h��, 	:

−∇ · ǫ∇φ = q · [cV +
oγ

+ cVoγH+ + cVoγH
+

2
+ cV +

oδ
+ cVoδH+ + cVoδH

+

2
], in ΩSiO2��vsC�b*hU�!+��Bh�r,,E�ÆBrQ!+�xX3+n� (Nit)Y�h!+*g, �P,;�x�\6, $Yx!+*g0� [14]. �?!0, !+*g� Usd!+Q��B�� cs E��, �x cs ℄O%vB{_4h��, 	:

Us = rNitcsP0 r k�\|Bh)z}2. V��℄OWM, '�b*h Nit h	�, �g!+*g<�	�, [�YR�\*g|�v�	�. w(��H0Y�, !+*g��%�bRR9*g0�h�d!+, 	!+�Mh��BO<� rNit �M!+, P�<_ok cm/s:

−

∫

V

∇ · JdV = −

∫

S

J · d~S =

∫

S

UsdS =

∫

S

rNitcsdSOvBkz (cs = n) ℄Ogd:

−J · ~n = (Dcs∇cs + µcscs(−∇φ)) · ~n

= Dcs

∂cs
∂~n
− µcscs

∂φ

∂~n

= Us.

(2.6)kfl� Si d SiO2 3+QE{Ilv$h�3W�:
[

ǫ
∂φ

∂~n

]

= σit�xh σit k!+vb*�, σit = qNit. f (2.6) �w(℄Ogd��!+�� cs h�3W�:

D
∂cs
∂~n

= µcs
∂φ

∂~n
+ rNitcs

= cs ·
(µq

ǫ
+ r
)

·Nit

3. �=	�pA�7*n"��bRU�vsC�FM - h~ - �\�HMg	J#�℄3*��
*ZgjNr. fl1$�#C�, 2$Df���	, )&g1�R�k8(e1. ��s~oh�
*}℄, w(|lAt Gummel x℄>��Æ�u h1Zx℄>�.

3.1. %F��v$Æ Th khr Ω h|lh7L#, h7.rE24k N . w(�
*j7ott��H (2.3) n (2.4) 8(_�s~. Yxy�5v$ U = qφ
kBT

, Æ
Uh =

N
∑

i=1

[Uh]iψi O� Cι,h =

N
∑

i=1

[Cι,h]iψi,
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*j7ott|^2. #��℄x (2.3), f-?vu℄g,







SEUh = ρh
(

Cι,h, ι ∈ A
)

,

M
∂Cι,h

∂t
= SD(Uh)Cι,h +Gι,h

(

Cτ,h, Cκ,h; (τ, κ) ∈ Rι

)

, ι ∈ A,
(3.1)P03�I�k

[SE ]ij =

∫

Ω

ǫ∇ψi·∇ψjdΩ, Mij =

∫

Ω

ψiψjdΩ, [SD(Uh)]ij =

∫

Ω

∇ψi ·(−Dι∇ψj+µιqιψj∇Uh)dΩ,O�2$x�k
[ρh]i =

∑

ι∈A

∫

Ω

qιCι,hψidΩ =
∑

ι∈A

qιMCι,h,

[Gι,h]i = −
∑

(i,j)∈RI
i

∫

Ω

αι,τCι,hCτ,hψidΩ+
∑

(κ,ζ)∈RII
i

∫

Ω

ακ,ζCκ,hCζ,hψidΩ.v$O�|B/n���A��b8�>r, w(,E� (3.1) 8(���#. Æ Uk
h �

Ck
ι,h #"k tk �^}℄hv$n|B/n���. fl�\<�}2�:28�
, �s~}℄ (3.1) %I8t$h℄3*vP. ��7�,E;K�\<�hN�K�k1���-B.w(� [11] 0���	-�8(��nL�. �q�yW�uzhZ� Euler 7�, ms~7�w�:











SEU
k+1
h = ρh

(

Ck
ι,h, ι ∈ A

)

,

M
Ck+1

ι,h − C
k
ι,h

∆t
= SD(Uk+1

h )Ck+1
ι,h +Gι,h

(

Ck+1
τ,h , Ck+1

κ,h ; (τ, κ) ∈ Rι

)

, ι ∈ A,
(3.2)P0 ∆t = tk+1 − tk.3+n� Nrmit y�!Ajs~, �xw(Irk C0

Si-H k�$:

Ck+1
Nit
− Ck

Nit

∆t
= αSiH,H+(C0

Si-H − C
k
Nit

)Jk
H+,h · ~n on ΓsP0 Jk

H+,h
k:

Jk
H+,h = −DH+∇Ck

H+,h + µH+qH+Ck
H+,h∇U

k
h (3.3)

3.2. �Nie)mY9�
*s~}℄ (3.2), -�
*s~}℄[g:

SD(Uk+1
h )Ck+1

ι,h d Gι,h

(

Ck+1
τ,h , Ck+1

κ,h ; (τ, κ) ∈ Rι

)�4�
*�, Z��a�v=d|B��hZg, o��a|B�h�\<�hZg. ��Z�, �e1�11Z�Æ>'8�h��6h Uk+1
h n Ck+1

l,h $7!A��-�Zb8,��'I8��-9, w(N�\h Gummel x℄, �g�-��-9�I��*�, r:l
Gauss-Seidel hN�, oo�N�I��-. ��o�1
*rh��:

Gι,h

(

Ck+1
τ,h , Ck+1

κ,h ; (τ, κ) ∈ Rι

)

= Gι,h

(

Ck
τ,h, C

k
κ,h)+JGι,h

(

Ck
τ,h, C

k
κ,h)C

k+1
l,h −JGι,h

(

Ck
τ,h, C

k
κ,h)C

k
l,h

(3.4)
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(

Ck
τ,h, C

k
κ,h) k�\�
*� Gι,h h Jacobi I�, ���!I�
*�ThI,��k�J�PZ�hN/. 1k-4��hhI8_Q%H�'I8 Gummel x℄-(,e1I����P1h
*℄2�H (3.5), `J=�_, (,E
8.�e1℄M}|B, �Æ>Gzn�|B.

M
Ck+1,n

ι,h − Ck
ι,h

∆t
= SD(Uk+1,n

h )Ck+1,n
ι,h +Gι,h

(

Ck+1,n
τ,h , Ck+1,n

κ,h ; (τ, κ) ∈ Rι

)

, ι ∈ A (3.5)w(:M&lvsC�1;h�
*1Zx℄>� 1:

Algorithm 1 1Zx℄>�
0: L�r��� R, $:M9sBhL���, �\��6�� k, �xaZÆ>22.

while k ∗R < TotalDose do�95tU2 n = 0y� (3.2)1 e1 k + 1 ��6hv$:

SEU
k+1
h = ρh

(

Ck
ι,h, ι ∈ A

)OT Uk+1
h Ok k + 1 6 Gummel x℄v$hL$ Uk+1,0

h ,[�:M|B��hL$: Ck+1,0
l,h = Ck

l,h,T�95tx℄:

while
||Uk+1,n

h
−U

k+1,n−1

h
||L2

||Uk+1,n−1

h
||L2

≤ tol do8Ue1FMh~�HdGzn�|B�i#�H (3.5).P0�
*� Gι,h

(

Ck+1,n
τ,h , Ck+1,n

κ,h ; (τ, κ) ∈ Rι

) 1 (3.4) 8(Qu.<� k + 1 ��6hv$, Æ>aZ95t n 6h� (3.2)1:

SEU
k+1,n
h = ρh

(

Ck+1,n
ι,h , ι ∈ A

)Æ: n = n+ 1

end while;K (3.3) Æ>E��^h Jk
H+,h

· ~n;�f3+�H (3.3) Æ>-�^h3+n���:

Ck+1
Nit
− Ck

Nit

∆t
= αSiH,H+(C0

Si-H − C
k
Nit

)Jk
H+,h · ~n on Γs

end while

4. &G�xC-�flvsC��\8E��lBrzhr, 6�U�dQ MOS U�Ok8Eh�\Æ\U�, P-MN�j
#+�\vsC�h_Æ, G%w(I:h&r [15] [13]. ��vsC��\, MOS U�TSv8hFMd6�U�|�v�h ELDRS �\%23EI:h, gZ�h�?2KOk!D, EOw(h|l2$1;8E�!��O��4��8(Y9. ��U�hv2Æ\8(1;, 4Z23I%1#vsC��\h22#+\x TCAD y�:M��/W, n�e�h���Hd>��Æ, ��?k%�P*�h, ,=Qj_ÆX



2 O  �3 k: �SV�wt(�D��^2<i4&���^e 115;*	, 7O�a��hzu/W. w(m�H��0�1 TIDsim e1vsC�1$zg|l��vsC�22�YY+b^2\xd�bR2$1;1�U DevSim [12] 0e1, V�zg����4t$hU�/D,vsC��\hv2Æ\.

4.1. NMOSFET g�+ L~�5���

(a) (b)` 2 NMOSFET 0E: (a) k_,�`; (b) H_,0E"T`5/Brz�bR (NMOSFET) ���6:vs'�tC0, P�B�'��9.hrvsMvB - _4�, $�Brz�T)z&E7OM}hh�vb, L3b*PU$v8�+��H(FM, *ZhU$v8FM℄O�x���v��9	�. �%I4BN�\, 	�U��vo-��s)yem�O, EO�23G7d5(.w(1h NMOSFET /Dh7�f_t2 78912, Df�2 15552, w(1h;�dekR�;�, P0 Source hrd Drain hr;�*�k 1018/cm3, Substrate hrk
1015/cm3, CfB�k 2 µm, Br6n�k tox = 0.1 µm, P/DdKXw_ 4.1._ 3:M'�Zo NMOSFETU�Cf9hvB�$6h#+,_0x�v8 VD = 1.0

V, VS = 0V, VGate = 5V, �--Bk 0.5 V; Cf9hvBh*�0�	Z, '�Y��8h.�, 8�b*U$v8b*x���v�	Z. I�+vs'��\<�hBrz60h)z�vby�!+<��v=, _Æ NMOSFET U�!+N*, �Brz9=O�vB.#8x�Brz.w(:MAY'�oh NMOSFET -MN*j
�_ 4. ��J�?0w(h'���zk 10 Krad(SiO2)�100 Krad(SiO2)�200 Krad(SiO2)�500 Krad(SiO2), x�v8 VD = 1.0

V, VS = 0V, w_ 4 ℄� NMOSFET LhU$v8�+��H(FM`� (Drain) �v�	Z, `A�E��hO6, U$v8hFM�W|0�, �nq� [16] -1��I*, 	!�ME���\.

4.2. GLPNP (|��g�+ ELDRS 5���6�U�vsC�b*h8E�\%|�v�Xk'��	�, 	|�v�h	��
∆IB, L�9h*/%Y�|�v�h���I}, !�k�ll���g*Zhr, 	
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(a) (b)` 3 (�+ NMOSFET �%7�s: (a) (�[; (b) (� 100Krad(SiO2)

` 4 (	+ NMOSFET UTw9GN
l��	℄�\. l����\�l�℄6�U�h_�\�k5E, �?I�)����P$Bh (`"�"#) l���'��eE�I5), �G%w(8(�I2$1;hL2. ��6�U� GLPNP �Æh2$�?, 5)P|�v�h�r. P�\hÆ_nG�/D!S_�_ 4.2. w(1h GLPNP /D�fB 74140 8_td 14181 8Df�, w(1h;�dekR�;�, P0 Emitter ;� 1017/cm3, Collector ;� 1017/cm3, Base ;� 1015/cm3.
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(a) (b)` 5 GLPNP 0E: (a) k_,�`; (b) H_,0E"T`Xk SiO2 %w(h8EÆ>hr, _ 6 E!kt&ÆBrQ0 Nit #+A���#+,w(-kht& SiO2 hr, �\_ 5(a) 0 G(Gate) �6hr, _ 5(b) 0M4Br6hr. f
Nit #+. w(1;E��k 30Krad(SiO2) d&, ;K2Yq� [3] 0h�?-1, e1YH01���k 10−3 rad(SiO2)/s - 100 rad(SiO2)/s, _ 6 0℄O0�K9d3+n��l���W�� (0.01 rad(SiO2)/s) 3+n�h<�E	l6��� (1 rad(SiO2)/s) W��h�E�. dYYK93+n�h#+de,Xk/B<�fZ;0� Emitterhv$L{QsT SiO2 hr, [��EZ�\v3+n�, ℄�P�pn/Bh�`�I.

(a) 1 rad(SiO2)/s (b) 0.1 rad(SiO2)/s (c) 0.01 rad(SiO2)/s` 6 u'�CsR1 Nit $,B��$,n NMOSFET ��, GLPNP |�v��vsC�'�08E,3+n�h_Æ [17], �P�3+Qh!+v$d��B*g�gN
.w(��)[����T5),5)'�℄��k 30 Krad(SiO2), 1hE,>K VB = 0.5 V, VC = VE = 0V, �--Bk 0.01V. _ 7(a)k|�v�A VEB h�rde, ��A����h	�|�v�	�. Y9PY�|�v�
(∆IB) A���h�r, zUY�|�v� ∆IB = IB − IB0 �x IB0 %'�Zh|�v�,

IB %'�oh|�v�, _ 7(b) 0℄���l 0.1 rad(SiO2)/s �Y�|�v�G��d>K, �6���W��Y�|�v��&g�9�rnq� [3] E-1g$�[. �/Y9v�	V}2 β = IC/IB, I��v��, |�v�8E%_�vbh*gv�d|h!+*gv�, A��v8h	����:xv�#, b* β �%$glI8uzh�$ [12]. �x



118 4&��p���^e 2020 ?k���w(B�PrhH�, ��XkU���;�d�8<�1p, w(2Y [18, 19]NSIrQu,	'�ov�	V}2EOO'�Zh��8h�h	V}2h%$ (β/βpk,

βpk %n,C�h6�U�	V}2h%$). _ 7(c) k)[���_Æ�, SIr	V}2)[���W��n VBE I}, P%$Z/M�� 0.4-0.5 V "�, _0℄O0�K9d�6���W��, U�hC�de*�, ��l���W��C�de�Z, `7!�d. _ 7(d)kGz��/v8 (VBE) W��SIrv�	VA���h�r, ℄�SIrhv�	V}2�l���W���N��, rdvU�%$h 0.3 Mi; ��6���W��-$U�|�&g!�Mr.

(a) (b)

(c) (d)` 7 GLPNP i ELDRS �^2<0X:(a) *\��X��}�w�p VEB J~; (b) Z�}�w�
∆IB p��iLmJ~; (c) TJs
W~4*\��X��p VEB J~; (d) TJs
W~4p��iLmJ~w(?)1'�4zu~-, w_ 8(b) d_ 8(a) E!, �ÆBrQ6�3+, vB�����0�hJ��\, ℄:%fl3+n�b*!+$d*g<�h.� [8, 20], vs'��\<�hBrz60h)z�vby�!+<��v=, _Æ!+N*, b* pn /�$6� n hh~, `<6� p hh~, �gT^h n $|�hr<�k� n+ hr, g*	hvBYY�4�\�������:x, �g|�v�	�, g�|�	B, =RLhv�	V%l. kXkj�=RLv�8E=!+�}, EO\vh3+n��l-$U�_Æ*Z, �G%vsC�YR GLPNP r/2hvX. [�kXk_ 6 0, �l���W��3+n
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(a) (b)` 8 GLPNP (	[pwC$, (a) (	[; (b) (	p (0.001rad(SiO2)/s)

5. M����qYYFMh~�\1$, -1�flvsC�<�h�Tvb�l�bRU�h_Æ, $:MP�\h2$��. >��1�g�ts~�Z�����d
*r��, kQu1$0*�h7/D�B��>8d℄�
*jvP. ��)[h|l�bRU�,w6�U��=�\=RL8(��\h'�C�h���?, :M��g$d2�
�Rnq�0�?/W�sgh2$/W, gu�a�vsC��l�bRv2-MN*h_Æ.^ � 0 2
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