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(Ü Si Ä n+-p-n-n+ 	ò²¡V4¬N+, �Ä
ì�g9!p>|e�16f[£ÇòzÚ16fÈ��
)�A, ïá
Ù3põÇ�Å (high power microwave, HPM) �^e���>9�.. ÏL©Ûì�SÜ>|r
Ý!>6�ÝÚ§Ý©Ù�&Ò�^�m�Cz, ïÄ
ªÇ� 1 GHz ���>Ø&ÒdÄ4Ú8>45\�V
4¬N+��ú�AÚÅn. (JL²8>45\�ì�,§u)3&Ò�K�±, 3��±�ì�¸�§ÝÑk
eü, �8>45\�'Ä45\�N´¦ì�¤ú, Ù´�Ü ´ B-E (. éÐ�©O� 0 Ú π �ü�pÌ�
&Ò��úïÄ(JL², Ð�� π �&Ò�N´�úì�, u�4Gé>{�±k��Jpì��|�Å�
úUå.

'�c: V4¬N+, põÇ�Å, �úÅn

PACS: 85.30.Pq, 84.40.−x

1 Ú ó

�X>^�¸�FÃE,, y���Nì�Ú
8¤>´4´É�põÇ�Å (HPM) �%� [1−4].

HPM éì��>´��úïÄ�¡®k�
ÐÚ
�ïÄ��. Hwang � [5] ¢�ïÄ
 TTL/CMOS

IC ��ì3 HPM Ë��^e�¤ú¯K, (JL
²Ë�rÝ�$� (E < 11.9 kV/m) ¬���¡þ
V4¬N+ (BJT) ���Nì���ú; Ë�rÝ
�p� (E > 12.6 kV/m) �¬Úå�¡pë�Ú�
Ü�9�¤. ©z [6] ��
î³>ízc´�Ï
+nXÚ3Ä�9°� HPM Ë�e�´�5¢
�ïÄ, (JL²Ä� HPM '°� HPM Ú{
Z���´¦XÚ¥�$D(��ì (LNA) �
ú. ©z [7] ïÄ��
V4¬N+� HPM 5\�
ú�A¢�Ú��©Û(J, ¢�(JL² HPM

5\Ì�E¤ B-E (�ÛÜ7Lzl¦ì��
�. ©z [8,9] �é Si ÄV4. LNA ?1�Ý/
ÅN�&Ò5\�ú¢�L²ÙSÜV4.¬N
+� B-E (´5\Uþ�^e�N´�ú�Ü .

ù
ïÄó�k
(Ü
ì�Ú>´XÚ�A^
�¸, ��
3�Å&Ò�^e��ú�AÚÅ
n, �Ñýu¢�ïÄ, vk(Üì�SÜ>|
rÝ!>6�ÝÚ§Ý©Ù?1��Ån©Û. 8
c, V4¬N+��ú�AÚ��Ån�ïÄÌ�
´�é>^óÀ&Ò [10−12], �é HPM �ïÄ
��K��.

HPMÏLc�ÍÜÚ��ÍÜ��ª�^�
��Nì�, ®k©z [13,14] ïÄ
	Ü>^&
ÒÍÜ?\XÚà�aAÑ�&Ò�ª. ©z [13]

¢�ÿþ
põÇ>^ÅË�|ÍÜ?\�G>
C¤Úå�>Ø&Ò, T&ÒCqu��{Z�u
>Ø&Ò. ©z [14] ÏLÝþ{O�
ü4U�
3n«>^óÀ�^e�aA>&ÒÅ/, O�L
²\�óÀ�°�Ä, �AÅ/�Cqu\�óÀ
Å/. �©±	ÜÄ��ÅË�&Ò�ïÄé�,

òÙ��¤ªÇ3�Åªã��u>Ø&Ò, æ
^ ISE-TCAD ^�ïá
ì���>9�., ?1

�Å&ÒlÄ4Ú8>45\��ú�AÚÅ
nïÄ,?Ø
Ð�©O� 0 Ú π �ü�pÌ�&
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ÒéV4¬N+��ú�A, ïÄ
u�4Gé>
{éì��Å�ú�K�.

2 �ý�.

2.1 ììì���(((������&&&ÒÒÒ���...

ì��.æ^;. Si Ä n+-p-n-n+ 	ò²
¡V4¬N+. duì�(��é¡5, �©�
é BJT ì�(����?1
�ý (ã 1). ã 2

´ì�÷ y ¶���,ßÝ©Ùã (x = 1 µm,

z = 0 µm ?), �.eL¡�½� 300 K �n�9
�, Ù¦L¡æ^ý9>.^�.

5\>Øæ^�u&Ò�ª, T&Ò�êÆL
�ª�

U = U0 sin(2πft + ϕ), (1)

ª¥ U0 ´&ÒÌ�, f ´&ÒªÇ, ϕ ´Ð�.

du	Ü>^Z6&Ò�ªÇ8¥3 1 GHz �
m [15], Ïd�©©O3 BJT 8>4ÚÄ45\ª
Ç� 1 GHz Ð� ϕ �"��uëY>Ø&Ò, ��
ì�SÜ?�:��7�L: 1688 K, d��½ì
��¤.

ã 1 V4¬N+(�

2.2 êêê������...

ISE-DESSIS �ýìÏLéÑt�§!>f�
ÇëY5�§!>f�Ç>6�Ý�§±99D
��§|¤��§|?1ê�¦)5£ãì�S
Ü��*ÔnL§. 3&Ò5\L§¥, p>Ø
�>6��ì�§Ýþ,, Ì�ëê (16f[£
Ç!SRH �)EÜÇ!È�>lÇ�) Ñ7L�Ä
¬�§Ý�K�. �©�ýæ^��§�., $^

*Ñ - ¤£nØ, ò>9�A�Ä3S, b�16f
Ú¬�?u9Äå²ïG�, ±Jp�ýO��°
(Ý [16].

2.2.1 [£Ç�.
�
O(�£ãì�3pÌ�>Ø&Ò�^

e�SÜÔnL§, �©Ø
�Ä�,ßÝÚ1
6fÑ�é[£Ç�K�	, AO�Ä
p>|
é[£Ç�K�. dp>|û½�[£Ç�.æ
^ Canali [£Ç�. [17]

µ(E) = µlow/
[
1 + (µlowE/νsat)β

]1/β

, (2)

ª¥ µlow ´$>|[£Ç, Ù�Ä�,ßÝÚ1
6fÑ��K�, β ´Ú§Ýk'�ëê: β =

β0(T/T0)a, �Ý�Ú�.d νsat = νsat,0(T0/T )b

û½, T0 = 300 K, β0, a, b Ú νsat,0 ´�.¥%
@ëê.

ã 2 ã 2 �,ßÝ÷ y ���©Ù (z = 0 µm)

2.2.2 16f�)EÜ�.
16f�)EÜL§ò SRH EÜ!��EÜ

Ú16fÈ��)�Ä3S, Ù¥ SRH EÜ�Ä
�,ßÝÚ§Ý�K�, >f�Çé��)L§æ
^ van Overstraeten–de Man È��.5£ã [17]. È
��)Ç G �Lã�

G = αnnνn + αpnνp, (3)

ª¥ νn,p Ú αn,p ©O´>fÚ�Ç�¤£�ÝÚ
>lÇ, α(E) = γa · exp(γb/|∇ϕ|),  γ qdeª
�Ñ:

γ = tanh
(

hωop

2kT0

)/
tanh

(
hωop

2kT

)
, (4)

ª¥ hωop �L1Æ(fUþ, ∇ϕ �L¤�³, a

Ú b ´�.¥�%@Xê.
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3 �ý(JÚ©Û

3.1 888>>>444555\\\���úúú���AAAÚÚÚÅÅÅnnn

éã 3 ¤«���G��V4¬N+ (R e =

0Ω), ^ ISE-TCAD ì��ý^�ïÄ
�8>4
5\ªÇ 1 GHz Ì� 10 V ��uëY>Ø&Ò�
�úL§. ã 4 ´&Ò�^ec 20 �±Ïì�S
Ü¸�§Ý��m�Cz, ¸�§Ý�&Ò�^�
m�Cz¥y±Ï5 “O\ — ~� — O\” �5
Æ, �Nª³�&Ò�^�m�±YØä,p;

3��±, ¸�§Ý�éuK�±k¤ü$, §Ý
,pÌ�u)3&Ò�^�K�±. ã 4 L²ì�
SÜ¸�§Ý��m�Cz5Æl1��±Ïm
©ªu½, ùp±1��±ÏÚ1n�±Ï�~
?1?Ø.

ã 3 �ý>´«¿ã

K�±�, &Ò�å©�ã¬N+?uu�
(� , 8>(� ���ó�G�. &Ò>Øý
é�O\��� 5.8 V �¦8>(� , u�(�
 , d�&Ò>ØA��Ü\3u�(þ (ã 5(a)),

u�(� >|rÝ�X	\>Øýé��O\
±YO�. duu�(Î¡?Ç�»��, >|
rÝ�� [18], d?�>|rÝÄk��È�ÂB
��.>| 1.75 × 105 V/cm[17], È�ÂB�)�
þ�16f¦u�(� >6��, >6�Ý¸
�Ñy3(�Î¡? (ã 5(b)). 3¬N+SÜ, õ
ÇÑÑ�)�9þ¦ì�§Ý,p, õÇ�Ý
�Lã� Q = J · E, ´d>|rÝ E Ú>6�
Ý J ü�ëþ�Óû½. 3K�±, ¸�>|rÝ
Ú¸�>6�ÝÑÑy3u�(�Î¡?¿Ñy

§Ý¸� (ã 5(c)). 5\>Øýé�UYO\�, �
�u�(Ñ¬u)È�ÂB�A, � >6-O,

3 t = 1.83 ns �§Ý���p� 326 K �m. 5
\&Ò>Øýé�eü¦�^3u�(?���
 Ø��ü$, È�>6eü, �(�Î¡?õÑ
�)�9þ�u�±�*Ñ�9þ�, §Ým©ü
$ (ã 4).

ã 4 ì�SÜ¸�§Ý��m�Cz

ã 5 t = 1.4 ns �ì�SÜ (a) >|rÝ (V/cm)!(b) >6�
Ý (A/cm2) Ú (c) §Ý�©Ù

��±�u�(� , 8>(� , 5\&Ò
>ØÄ�Ñ\38>(þ. duÄ«�,ßÝpu
8>«, >Ø,p�8>(�m>Ö«Ì��8>
«*Ð (ã 6(a)). �8>(�m>Ö«*Ð�${
� n+ �.Ú	ò��.?� (ã 6(b)), �m>Ö
«>|rÝØäO\, ?u)È�ÂB. u�4
>6÷ì�L¡�î�6Ä¦�>6�Ý¸�Ñ
y3u�(�Î¡? (ã 7(a)). �,(�Î¡?>
6�Ýép, �>|rÝ�k� 3.5 × 103 V/cm, &
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ÒõÇ¤�)�9þ'�±�D��9þ�, ¦�
�±�¸�§Ý©ªeü. �&Ò>ØUYO\�,

�m>ÖN��A¦>|rÝ¸�£� n-n+ �.
? (ã 6(c)), d?§Ým©,p (ã 7(b)). du n-

n+ �.¡?>6�Ýé� (�� 4.5 × 103 A/cm2),

§Ý�,p
 2.2 K, ¸�§Ý�,3u�(�
Î¡?.

ã 6 ��±ì�SÜ>|rÝ��m�©Ù (V/cm) (a)

2.05 ns; (b) 2.15 ns; (c) 2.25 ns

ã 7 (a) 2.15 ns ��ì�SÜ>6�Ý�©Ù (A/cm2); (b)

2.25 ns ��ì�SÜ§Ý�©Ù

dþ¡©Û��, 3&Ò���±, ¸�>|
rÝÚ¸�>6�ÝØ3Ó�«�, ì�SÜ§Ý
,p:©Ñ3 pn (Ú n-n+ �.¡�m, ¸�§Ý
eü; 3&Ò�K�±, u�(�Î¡?Ó�¤
�¸�>6�ÝÚ¸�>|rÝ:, Ïd,§�
¯. éu�Åªã�>Ø&Ò, Ùü�±Ï�kA
B¦$�":AB¦, ì�SÜ9?9þ�±�
D��ú, �X±Ï&Ò�Øä�^, (�Î¡?
3��±ÏSáÂ�Uþ�u�±�ÑÑ�Uþ,

¸�§Ý�Nª³Øä,p. ¸�§Ý:§Ý,
p� 500 K �m�, ÛÜp§¦7á�?\��G
� [19], ¦>6�\8¥ud, >�AÚ9�A�p
K�¦u�(>�§Ý,§�¯. �X±Ï&Ò�
Øä�^, BJT �u�(Î¡?Ï9È\�¤.

3.2 ÄÄÄ444555\\\���úúú���AAAÚÚÚÅÅÅnnn

ã 8 ´3Ä4Ú8>4©O5\ 1 GHz �u
>Ø&Òe�ì��¤�m�é'�, ��8>
4ÚÄ45\�ì��¤�m�X&ÒÌ��O
\~�, Ä45\��¤�m�á. ã 9 ´d
Ä4Ú8>45\Ì�� 10 V �&Ò�ü�±Ï
Sì�¸�§Ý��m�Cz�,ã¥L²Ä4
5\�§,ÌÝ�p (üö��� 3.6 K), �3&Ò
��±ì�SÜ¸�§Ý�k¤,p. 3&Ò��
±, Ä45\>ØO\��½��u�(Ú8>(
Ñ�±� . pn (��>6�Ý�

J = |JR| exp(qV/kT ), (5)

ª¥ JR ´���Ú>6�Ý, V ´	\��>
Ø. u � ( � � >6� Ý � 	 \ > Ø U � ê 5
Æ×�O�, ¦u�(Î¡?�>6�Ý��¸
� 3.8 × 106 A/cm2. d�ì�SÜ§ÝÌ�´d>
6�Ý J û½, §Ý©ÙÚ>6�Ý©Ùaq, 3
��±§Ý,p
� 9.7 K. 8>45\���
±¸�>6�Ý�k 4.2 × 105 A/cm2, §Ýeü

� 7.2 K. Ä4K�±5\�u�(� , u�(Î
¡?�>6�ÝÚ>|rÝ©Ù�8>45\�
aq, §Ý,p
� 3.6 K. duÄ45\�3&Ò
��K�±ì�SÜ¸�§ÝÑk¤,p, l¦
Ù�¤�m�á.

ã 8 ØÓÌ�&Òl8>4ÚÄ45\���¤�m
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ã 9 8>4ÚÄ45\�ì�SÜ¸�§Ý�&Ò�^�m
�'X

3.3 &&&ÒÒÒ���   ééé���¤¤¤���mmm���KKK���

3 & Ò � K � ±, & Ò d Ä 4 Ú 8 > 4 5
\ BJT �§,ÌÝÑ�p, 8>45\^�e
��²w, XJ&Òd8>45\�31���
±ì�Ò´K�±, pÌ�&Ò�^�ò¬éì�
�¤�m�)wÍ�K�.ã 10 ´8>45\&
Ò� ©O� ϕ = 0 Ú ϕ = π ü«�¹eì��
¤�m�é'�, �L²&Ò�  ϕ = π �
' ϕ = 0 �&Ò�¤�m�á, �éó, � � 0

Ú π �ü«&Ò�Ì�d 102 V Cz� 115 V �
�¤�m�Ñkeü�¿ØwÍ. ϕ = π � BJT 3
1���±u�(Ò?\,§L§, d�¸�>6
�Ý (107 þ?) Ú¸�>|rÝ (106 þ?) ÑÑy
3u�(�Î¡?, éá��mì�Ò���¤§
Ý.  ϕ = 0 �1���±ÏS¦+(�Î¡?>
6�ÝÚ ϕ = π ���Øõ, �>|rÝ�� (105

þ?), 3&ÒÌ��Ó��¹e���¤¤I��
m��´ ϕ = π ��ü �. éupõÇ� Å, ÍÜ

ã 10 Ð� � 0 Ú π �ØÓ>ØÌ�&Ò��¤�m
�'X

�ì��à��)�&ÒÌ��p, SÜ,§?9
þ5Ø9�±�*Ñ, ì�3éá�mS���¤
§Ý.

3.4 uuu ��� 444 GGG ééé >>> {{{ ééé ììì ��� ��� ÅÅÅ ��� úúú
���KKK���

�
ïÄu�4Gé>{ R e ��^,ã 3 ¥
u�4G\
 5 Ω �>{ R e , �8>4©O5\
ªÇ 1 GHz Ì�� 15—30 V Ø���u>Ø&
Ò�, ã 11 �Ñ
&Ò�^
 30 �±Ï�ì�
SÜ¸�§ÝÚ&ÒÌ��m�'X, (JL²
u�4Gé>{�±²w~�ì�SÜ§Ý�È
\�A, �5\&Ò>ØÌ��O\, �J�²w,

R e = 0 Ω &ÒÌ�� 30 V �ì�SÜ¸�§Ý
�C7L:,  R e = 5 Ω �ì�¸�§Ý�k�
� 800 K, üö�� 700 K �m. 3�u>Ø&Ò
��^e, BJT u�4>6ép, Ì�3u�(>
��)§ÝÈ\, u�4�>63 R e �)�Øü
×�,p, ÏK�"�^¦ BJT u�(>Øü$,

l¦u�4>6~�, é BJT å�	6�Ø�
�^. �^&ÒÌ��p, u�4�)�>6Ò�
�, R e ��Ø�^Ò�²w. �� R e Ø=�±
½ BJT ·�ó�:, ��±k��Jpì�|�Å
�úUå.

ã 11 R e � 0 Ú 5 Ω �&Ò�^ 30 ns �ì�SÜ¸�§Ý
�&ÒÌ��'X

3.5 ���ýýý(((JJJ���¢¢¢���ééé'''

ã 12(a) w«�´�¤��ì�SÜ§Ý�©
Ù, u�(>�Ï9È\�¤. ©z [7] ¥éü
�V4¬N+?1
põÇ&Ò5\�ú¢�ï
Ä. ïÄy¢l¬N+Ä4Ú8>45\�Ñ¬¦
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ã 12 (a) ì��¤�� (t = 0.6 µs) �§Ý©Ù; (b) BJT 5\
��©Ûì¡ (�S��¤:)[7]

B-E (ÛÜ�¤l¦ BJT ��. ã 12(b) ��Å
óÀ5\ BJT ����©Ûì¡, Ù�¤: ��
�©��ý(JÄ�ÎÜ. Ï�©ïá�¬N+
�.�±^5©Ûì�3�Å5\e��ú�A.

4 ( Ø

�©æ^�Åªã��uëY>Ø&Ò, éï
á� Si Ä n+-p-n-n+ V4¬N+��>9�.?
15\�ýïÄ, (JL²Ä45\&Ò�'8>
45\�N´¤úì�, u�(�Î¡?´Ï9È
\�´¤ú�Ü . du3&Ò�K�±u�(Î
¡?>6�ÝÚ>|rÝÑ��¸�, ì�,§¯,

ÏÐ©�K�±�&Ò¦ì��¯�¤, u�
4Gé>{�±k��Jpì��|�Å¤úU
å. �©�ïÄ(Jéì��(��OÚ�ÅA^
äkë�d�.
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The damage effect and mechanism of the bipolar
transistor caused by microwaves∗

Ma Zhen-Yang† Chai Chang-Chun Ren Xing-Rong Yang Yin-Tang Chen Bin

( School of Microelectronics, Xidian University, Key Lab of Ministry of Education for Wide Band-Gap Semiconductor Materials and Devices,

Xi’an 710071, China )

( Received 15 July 2011; revised manuscript received 7 August 2011 )

Abstract

Combining self-heating effect, mobility degradation in high electric field and avalanche generation effect, a two-dimensional

electro-thermal model of the typical silicon-based n+-p-n-n+ structure bipolar transistor induced by high power microwave is es-

tablished in this paper. By analyzing the variations of device internal distributions of the electric field, the current density and the

temperature with time, a detailed investigation of the damage effect and the mechanism of the bipolar transistor under the injection

of 1GHz equivalent voltage signals from the base and collector is performed. The results show that temperature elevation occurs in

the negative half-period and the maximum temperature falls slightly in the positive half-period when the signals are injected from the

collector. Compared with the former, device damage occurs easily with the signals injected from the base. Specifically, the base-emitter

junction is susceptible to damage. The damage results caused by two large-amplitude signals with initial phases of 0 and π respectively

indicate that the injected signal with an initial phase of π is liable to cause device damage. Meanwhile, the emitter series resistance can

enhance the capability of the device to withstand microwave damage effectively.

Keywords: bipolar transistor, high power microwave, damage mechanism

PACS: 85.30.Pq, 84.40.−x
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