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Abstract

The effects of irradiation on Substrate PNP (SPNP) bipolar junction transistors (BJTs)

are studied by combining the radiation damage model and the drift-diffusion (DD) mod-

el. Based on Parallel Hierarchical Grid (PHG), a three-dimensional parallel adaptive finite
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element platform, the DD model is solved by an inverse averaging finite element method.

The discontinuous doping distribution is treated as continuous one to make it closer to the

physical reality, and beneficial to the robustness of numerical calculation. The phenomenon

of the base current increase and the current gain degradation for irradiated SPNP BJTs are

simulated. Through comparing SPNP BJTs with Lateral PNP (LPNP) BJTs, differences

between the sensitivity of these two types of BJTs to radiation damage are obtained.

Keywords: SPNP BJTs; drift-diffusion model; radiation damage; inverse averaging

finite element.
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1. ���ÆYXE�o, (BJTs, bipolar junction transistors) Jb4zC��%�^ PN �$=^ÆXo�r. 7{YXE�o,^Z=jSJ9r�jJ�z^;^R='	. 9r��H�n, jJ�zBRH�d�HV�wM<+39r��H^;^��. 
#�D^jJ6� OSZ)n��;o^r2, U��;o3WZbmE�, YXE�o,^F+�8J5v���.�XJX3ÆXo�rLJ�H��d,PZ, =�|>	�
. mIu?��d,iE v�u~iq��;ovÆXo�rjQmJ^r2�%\y�;^. Florida MQ
Mark Law ~unEHj6d,iE� "}H��d,iq$r� FLOODS [1–3]. SandiaBZM"}HÆXo�r Hiq� CHARON [4]  ��EH��d,^X��� [5]. TJ,

FLOODS 
Ku~S�o,, �1o�Hb
Q|
^��d,;oiq. CHARON ou~�AE\D7J[kd,;oiq, ThJb:�"	^BZMBu$r. ?P^.uÆXo"giqf\�riq"� Technology Computer Aided Design (TCAD) �7^��d,iE�ypS, #oiqiE^��d,;o.k�, 2n�ÆXoM���d,�^X�fPZ�?, ��`+�^"V7, e�R~25^'
 H{+�|i PHG [6], $v6;o�o, MOSFET �r<YXJ�o,, }�H Zlamal {+���<'
LKo�mI{+� (SUPG-IP) �� �HHiqd_ [7, 8], "}HKu~ÆXo�r��d,;oiq^'
 H�"ou$r 3Ddevice [9].��vz.)iE [10] )u�`S?}�^VV| {+�� [11–13] ��, uV-iq^��X���d,;o [14, 15] v;b PNP (SPNP) �o,jQJ5^r2,  �B6 PNP

(SPNP) �o,�Hv�	�. V-�4�h, /�~ LPNP �o,, SPNP �o,v��^f��p a, �BZ�4b2 [16, 17].��R,�$�v"", �e 2 ��`1!�2Hz.)iE\VV| {+���,  ��2H��d,;o. e 3 �l�H��NbEv SPNP �o,^r2�p,  �
LPNP �o,v�. e 4 �v��^"V�HN�.

2. z���fe
2.1. {�v}y�gd_��� Ω ⊂ R

3, ΩS < ΩO 	��G�o,^ÆXo(J��<℄I.��, �



3 � p�[ `: SPNP �p-��e-<p_|,�W.jr 239{ Ω = ΩS ∪ ΩO. z.)iE [10] 7b�eU�zjI	$^ Poisson ��:

−∇ · ε∇ψ = ec(p− n+ND −NA), in Ω,<eUjJ<)Sn/U^C��PJAOJ��:

∂p

∂t
= −∇ · Jp −Rp, in ΩS ,

∂n

∂t
= −∇ · Jn −Rn, in ΩS . ; Jp < Jn 	�J)SjPap<jJjPap:

Jp = −Dp∇p+ µpp

(

−∇ψ +
kBT

ec
∇ log nie

)

,

Jn = −Dn∇n− µnn

(

−∇ψ −
kBT

ec
∇ log nie

)

,�7Q��^�E��jI ψ , )Stp p , jJtp n . �j7V ε = ε0εS , ε0 J")�j7V, εS J/v�j7V, ec JSj;E, ND JÆXo(J7=?Æ5^3Ætp,

NA JÆXo(J7S?Æ5^3Ætp, Dp < Dn 	�J)S<jJ^.)�V, µp <
µn 	�J)S<jJ^�V, kB J Boltzmann 7V, T J"{��p, nie JÆXo(J^�&�PJtp, Rp < Rn 	�J)S<jJ^�?584.�#$ToO��;o�, b�v nie O�7V, ^ ∇ log nie = 0 , � Einstein )�
Dp

µp
= Dn

µn
= kBT

ec
=?, mI µp = ec

kBT
Dp , µn = ec

kBT
Dn . �`#$T)S<jJ^�?�58O1^r2, ^ Rp = Rn = 0 . n#�E u = ec

kBT
ψ , v�jI ψ �H�E�I, ��R�=:

−∇ · ε∇u =
e2c
kBT

(p− n+ND −NA), in Ω,

∂p

∂t
= −∇ · Jp, in ΩS ,

∂n

∂t
= −∇ · Jn, in ΩS ,

(2.1)

�7 Jp < Jn �,

Jp = −Dp(∇p+ p∇u),

Jn = −Dn(∇n− n∇u).g Γ �ÆXo(J�� ΩS <℄I.�� ΩO ^w�, ∂Ωm � ΩS nE�TjX^��, Ω ^�h��^Z?gV ∂ΩF . $T""��tr:

u|∂Ωm
= ud, p|∂Ωm

= pd, n|∂Ωm
= nd,

∂u

∂n

∣

∣

∣

∣

∂ΩF

= Jp · n|Γ∪∂ΩF
= Jn · n|Γ∪∂ΩF

= 0,�7 n J��S��6E, �h^��tr(+$ (2.2)-(2.5).
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2.2. _�v}`xf��#x^3Ætp^C�/L���>, "4#$TÆXo(JnÆ5^.),�3Ætp ND < NA (>=""	r8V^GF:

ND =

{

N1
D, in Ω1,

N2
D, in Ω2,

NA =

{

N1
A, in Ω1,

N2
A, in Ω2.HB/,ÆXo(J7^Æ5�JO6tpa^��.), nsF^3Ætp�Bh�-K�yM^x1. AO^3Ætp {<~V-d_, ho&� �jV^�-", d_\Z�r^jP�4. �H :diq�r^jQJ5, f3Ætp ND �>, +$�( [18] 7.)�V8V, �""AO^Æ5	$8VV�Æ℄:

ND =























N1
D, x > d,

N1
D +

(

n

(

d− x

2d

)n+1

− (n− 1)

(

d− x

2d

)n
)

· (N1
D −N2

D), |x| ≤ d,

N2
D, x < −d,�7 d = 0.3µm JSM.)�6, n = 9 Jb�7V, |x| �GS�;�ZC���^�6, � x ��� Ω1 n�', �� Ω2 n��.

2.3. i��~
���v�o,^��d,T3 [8] ?^{C4: eb4J℄I.n^7o_o�)ÆPjJ/)SG}}j6��; e|4J℄I� - ÆXo� Γ G^��)3WX2^�?Vu��. ℄I.7^�4�)�jJ�)Sf\��	+n^�o<.)5�_℄P4℄^�?58�o��<z.)��, ��uZ^ 1!^j6��d,iE�+��( [19].eb4��d,T3OX2℄I.E&'j;,Jzv�rj6�=r2, 2Dd_℄I.��^jI�M^l/Oj�)4, mI�℄I.��^ Poisson ���:

−∇ · ε∇u = Q+, in ΩO,�7 Q+ �G℄I.nOj�)^Nj;.e|4��d,T37^��)On}��?, JzX2�PJtp<jI^�I,�7℄I� - ÆXo� Γ G)~jI ψ ^��tr�
[

εS
∂ψ

∂n

]

Γ

= σit, (2.2)�7 [·]Γ �G�� Γ ^uE, σit = ecNit J�j;ap. <u u = ec
kBT

ψ (\�E u�� Γ ^��tr�
[

εSkBT

ec

∂u

∂n

]

Γ

= σit. (2.3)BZ�h��?V Us ��G^�|D�PJtp (∆c)s ='� [20], ^ Us =

rNit(∆c)s ,  ;^ r �GÆP�V, Nit �G��)ap. �℄I� - ÆXo� Γ /^�h�� F {
∫

F

Jp · ndF =

∫

F

Jn · ndF =

∫

F

UsdF =

∫

F

rNit(∆c)sdF ,
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Jp · n|Γ = (−Dc∇p+ µpp(−∇ψ)) · n|Γ =

(

−Dc

∂p

∂n
− µpp

∂ψ

∂n

)∣

∣

∣

∣

Γ

= Us,

Jn · n|Γ = (−Dc∇n− µnn(−∇ψ)) · n|Γ =

(

−Dc

∂n

∂n
+ µnn

∂ψ

∂n

)∣

∣

∣

∣

Γ

= Us.

(2.4)

z�GjI ψ ^��tr(f\Z℄I� - ÆXo�G^)Stp p <jJtp
n ^��tr:

Dp

∂p

∂n

∣

∣

∣

∣

Γ

= −µpp
∂ψ

∂n

∣

∣

∣

∣

Γ

− Us =
(

−
µpec

ε
p− r(∆c)s

)

·Nit,

Dn

∂n

∂n

∣

∣

∣

∣

Γ

= µnn
∂ψ

∂n

∣

∣

∣

∣

Γ

− Us =
(µnec

ε
n− r(∆c)s

)

·Nit.

(2.5)

2.4. b�|t�	�d��v�E?}�^VV| {+�� [11–13] 6)��d,;o"AOJ�� (2.1) ^�o&=.R~���^m{TJ, �`R$v���E�H0V�M,  ;n# Slotboom [21] �E Φp < Φn :

Φp = peu, Φn = ne−u,�EqMG, Jp = −Dpe
−u∇Φp , Jn = −Dne

u∇Φn .N H1
D(ΩS) = {ω ∈ H1(ΩS) : ω|∂Ωm

= 0} , �7 H1(ΩS) J&(�8V^ Sobolev )n. ��� (2.1) ^�	GF�: U� Φp ∈ H1
c (Ω) < Φn ∈ H1

c (Ω) , D\v ∀v ∈ H1
D(ΩS) {

∫

ΩS

Jp · ∇v dΩS = −

∫

ΩS

Rpv dΩS , (2.6)

∫

ΩS

Jn · ∇v dΩ = −

∫

ΩS

Rnv dΩ. (2.7)6 Th J�� ΩS ^\o���	, Nv J�gNV, u Xh = {qj}
Nh

j=1 �G Th n^f{�g, T ∈ Th J\oS�. mi	r-J{+�)n Vh ⊂ H1
D(ΩS) . Slotboom �E

Φp < Φn (f��G� Φnh =
∑

i Φnh(qi)ϕi , Φph =
∑

i Φph(qi)ϕi , �7 ϕi J�g qi /^-J0�2�R8V. z~���n^vEap�I#M, ff Jp < Jn �S�n'(fOV76E, �`_(fv eu < e−u �_�S�n'Æ℄�7V ET (u) < ET (−u) . mI (2.6) < (2.7) ^&GF�
∫

ΩS

Jp · ∇v dΩS ≈
∑

T∈Th

DnET (u)

∫

T

∇Φnh · ∇vh dT

=
∑

T∈Th

DnET (u)
∑

qj∈T

Φnh(qj)

∫

T

∇ϕj · ∇vh dT ,

∫

ΩS

Jn · ∇v dΩS ≈
∑

T∈Th

DpET (−u)

∫

T

∇Φph · ∇vh dT

=
∑

T∈Th

DpET (−u)
∑

qj∈T

Φph(qj)

∫

T

∇ϕj · ∇vh dT .
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< Ap = (bTij)T∈Th

^d_&=,�S� T /, vh J-J	r{+�R8V, ff{
DnET (u)

∑

qj∈T

Φnh(qj)

∫

T

∇ϕj · ∇ϕi dT
∆
= DnET (u)

∑

qj∈T

Φnh(qj)e
T
ij ,

DpET (−u)
∑

qj∈T

Φph(qj)

∫

T

∇ϕj · ∇ϕi dT
∆
= DpET (−u)

∑

qj∈T

Φph(qj)e
T
ij ,�7 eTij =

∫

T
∇ϕj · ∇ϕi dT , ��S�/^`>J5, (f\Z eTii = −

∑

j 6=i e
T
ij . g

εij = qiqj , mI/F(f�>�""GF
DnET (u)

∑

qj∈T

Φnh(qj)e
T
ij = −Dn

∑

qj∈T,qj 6=qi

ET (u)(Φnh(qi)− Φnh(qj))e
T
ij

∆
= −Dn

∑

qj∈T,qj 6=qi

Eεij (u)(Φnh(qi)− Φnh(qj))e
T
ij ,

(2.8)

DpET (−u)
∑

qj∈T

Φph(qj)e
T
ij = −Dp

∑

qj∈T,qj 6=qi

ET (−u)(Φph(qi)− Φph(qj))e
T
ij

∆
= −Dp

∑

qj∈T,qj 6=qi

Eεij (−u)(Φph(qi)− Φph(qj))e
T
ij ,

(2.9)

 ;�`u Eεij (u) < Eεij (−u) 	��G eu < e−u �� εij /^VV| -, ^
Eεij (u) =

(∫ qj

qi
e−uds

|εij |

)−1

, Eεij (−u) =

(∫ qj

qi
euds

|εij|

)−1

. (2.10)m6 u �� εij /J-J^, m^{
u(x) =

(

uj − ui

|εij|

)

(x− xqi) + ui, x ∈ [xqi , xqj ].v/FP# (2.10) (\
Eεij (u)=

(∫ qj
qi
e−uds

|εij |

)−1

=





1

|εij|

∫ xqj

xqi

e−ui

(

eui

euj

)

x−xqi

|εij |
ds





−1

=
ui − uj

e−uj − e−ui
= euiB(ui−uj),

Eεij (−u) =

(∫ qj
qi
euds

|εij |

)−1

=





1

|εij |

∫ xqj

xqi

eui

(

euj

eui

)

x−xqi

|εij |
ds





−1

=
uj − ui

euj − eui
= euiB(uj − ui),�7 B(s) � Bernoulli 8V, mi�

B(s) =







t

et − 1
, t 6= 0,

1, t = 0.v Eεij (u) < Eεij (−u) ^�LFP# (2.8) < (2.9) \
DnET (u)

∫

T

∇Φnh · ∇ϕidT = −Dn

∑

qj∈T
qj 6=qi

Eεij (u)(e
−uinh(qi)− e−ujnh(qj))e

T
ij
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=









−
∑

qj∈T
qj 6=qi

DnB(ui − uj)e
T
ij









nh(qi) +
∑

qj∈T
qj 6=qi

(

DnB(uj − ui)e
T
ij

)

nh(qj),

DpET (−u)

∫

T

∇Φph · ∇ϕidT = −Dp

∑

qj∈T
qj 6=qi

Eεij (−u)(e
uiph(qi)− eujph(qj))e

T
ij

=









−
∑

qj∈T
qj 6=qi

DpB(uj − ui)e
T
ij









ph(qi) +
∑

qj∈T
qj 6=qi

(

DpB(ui − uj)e
T
ij

)

ph(qj),

IG^ nh < ph J���^6)�, ffS��p�%7^�^℄P
aTij =







DnB(uj − ui)e
T
ij , j 6= i,

−
∑

k 6=i

DnB(ui − uk)e
T
ik, j = i.

bTij =







DpB(ui − uj)e
T
ij , j 6= i,

−
∑

k 6=i

DpB(uk − ui)e
T
ik, j = i.

3. ��qn���, �HZ(V-�4�BZ�4^b2J, �`V-iqH SPNP �o,E&^RXjP�M\jP�j�I&8,  � LPNP �o,�HHv�. IBZJ��&Q�"�d_2j;gBZM�LSSC-IV Z�/�H^.

3.1. r�k��
SPNP �o,{\�jX, 	��}3X�RX�ZjX<;bX. "VEk", �o,^}3Xb�zd, ZjX�}3X+nxV VCE = −1V , RX�}3X^xV VBE �

0V ∼ −1V ��n. +�v�^ LPNP �o,^xV6m� SPNP /x, �o,+V"� 1fG. \ 1 s�l℄��p-,W SPNP LPNPS�,q/µm 0.6 2.0~4�4�uq/cm−3 3× 1015 3× 1015[k�4�uq/cm−3 1× 1015 1× 1015S�4�uq/cm−3 5× 1013 5× 1013<�4�uq/cm−3 3× 1015 /

d_7fDu^ SPNP�o,���7 820387 �\oS�< 148722 ��g, LPNP�o,��7�7 224381 �\oS�< 42960 ��g, q| 1 .
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(a) SPNP �p- (b) LPNP �p-} 1 �s��
3.2. g�pm8X/,�(mbEV^tr",��n�^��)bHNbE^�lz�l. z� [22]^8X<BZ�4(*, ��)ap�NbE?-J)�. ����d,;o, �`�EHbEV� 100rad/s �, #xNbE"^��)ap, "| 2 fG. C��o,^��)apobHNbE?-J�8, ��/x^NbE", �℄I� - ÆXo�G, LPNP �o,58^��)M�J SPNP �o,^ 6 �.

} 2 �d�*bq�OF_* , A+,�._=W	 1

��58^��)O���o,^jQJ5, ��)^K�OX2�o,�"VEk�, ��jX^jPO}8�I. �GH)S�NbE� 500krad ^���G, SPNP �o, yOz }/^tp	$�- (| 3) , (f+0Z, z~��G^�o,l'℄I."�W3HME��), D\)S^nSZQ�.5;RXjP ∆IB = IB − IB0
J~'�r��d,^+V+b [17], �7 IB < IB0	�P����<��G^RXjP. ���}X", RX��/�^℄I�758^j;�=HRXjP^�C, JzX2H �^5;RXjP ∆IB

[23]. | 4 �GHRXxV�
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-0.65V, bEV� 100rad/s �, NbEv/v5;RXjP ∆IB
IB
^r2. (f+0Z, SPNP�r^RXjP IB ^�lV/�~ LPNP �r^a^x,  �BZ�4 [17] ^�&b2.x�, (f}&/v5;RXjPbNbE^�l?9-J�8,<BZ�4 [24] f�&^�Ib2.

} 3 *T� SPNP �p- yOz ~d0_
%, SYyW� -1V. 0: ��	, #: ��H

} 4 0w6<SYkQOF_�J�., A+,�._=W	 1

} 5 OFwkQ�k_s3, FW� 100rad/s, SYyW� -0.65V.



246 W.e`�e`Upv 2022 s8X/, ��OD\RX��/�^�?7��l, JzX2R�^�?V�l, �=jP�j β = IC
IB
^�I. v~_��r, �`vjP�j	��r�S���^jP�j�HH0bI. | 5 �GH0bIG^jP�j�VbNbE^)�, (#E SPNP �r^�I�p/�~ LPNP �r Æ�, ?� [17] ^BZ�4.

4. ���q��R~z.)iE<��d,;o, DuVV| {+��iqHNbEvYXE�o,^jQr2, �tE SPNP �o,S��G^RXjP�M<jP�j�I^&8.� LPNP �o,^��d,v�}&, ��v SPNP �r^r2yÆ�, �BZ�IR��?, x�_Z(HiE<_�^{;J. z~�(7�1�o,^1!B�<BZ+V, ��
�HH<BZV�^mJ�y. �1��\Z�b&^BZV�)C,  R~��7^iE�EmE	�, Jzv�o,���K�"fSZ^r2�E F�^iq�4.
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