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Ä« Ge |©�\\�±Uõ SiGe HBT ��6A5!ªÇA5ÚD(A5, � Ge |©9Ù©Ùé HBT 9Æ
A5�K����é�. �©|^ SILVACO ��Nì��ýóä, ïá
õ� SiGe HBT �., éÄ«äkØÓ Ge

|©FÝ(�� SiGe HBTs �9ÆA5Ú>ÆA5�9­½5?1
ïÄ. ïÄuy, 3 Ge |©oþ�½�^�
e, �X Ge |©FÝ�O�, ì��A�ªÇ²wJp, OÃ β ÚA�ªÇ fT �§ÝCzCf, ì�§Ý©Ù�þ
!5CÐ, �OÃC�; 
Ä«þ! Ge |© (Ge |©FÝ�") � HBT �OÃ��, ��§Ý�Cz��, ì�§
Ý©Ù�þ!5���. 3dÄ:þ, òÄ« Ge |©þ!©ÙÚ Ge |©�C©Ù�(Ü, JÑ
o�ì�9ÆA
5!OÃA5ÚªÇA5�#.Ä« Ge |©©Ù - ©ã©Ù(�. (JL², �'uÄ« Ge |©þ!©Ù�ì
�, #ì�§Ý²wü$; β Ú fT �±
�p��, ��§Ý�Cz���, w«
#(�ì��`�5. ù
(J
é HBT �9Æ�Oäk­��ë�¿Â, ´é SiGe HBT 5UïÄ���Ö¿.

'�c: SiGe É�(V4¬N+ (HBT), 9ÆA5, Ge |©©Ù, SILVACO

PACS: 44.10.+i, 72.15.Jf, 85.30.De

1 Ú ó

Cc5�XÃ�Úk�ÏÕEâ�×�uÐ,
SiGe É�(V4¬N+ (heterojunction bipolar tran-
sistor, HBT) duäkmé>Ø$!>6?nUå
r!D($!ÑÑ>{�!ªÇA5Ð!OÃp
�`:, �2�A^uÏ&, X�, >fO�Å, g
Ä��C�, >f¤ì, [^>ì�+� [1,2]. ùÌ
��Ãu SiGe HBT 3Ä«Ú\ Ge, /¤
Ä�Y
� SiGe Ä«, ¬N+�>6OÃØ2� Si BJT @
��UÏLu�«�p�,ÚÄ«�$�,5¢
y, 
´�±ÏLN!Ä« Ge |©5¼�. O\
Ä«ßÝ, �~�Ä4>{, ~�Ä«°Ý, �
k
|uJpA�ªÇ!����ªÇÚ~�D(X
ê. Ä« Ge |©��C, ��±Ú\�f\�>
|, ~�Þ��m, JpA�ªÇ fT. Ïd, ©zþ,
Ä« Ge |©9Ù©Ùé HBT �6A5!ªÇA
5ÚD(A5�K�¤�ïÄ­:Ú9: [3], �

é HBT 9ÆA5!§ÝA5�ïÄé"y.

õÇ HBT Ï~æ^õ�f¬N+ü�¿é�
¤, =æ^õ (u�4) �(�. �õ� HBT 3�
õÇeó��, u�4��g\9�Aò¦u�4
�þ�§Ý,p, 
u�4��9>��"ò¦�
§Ý�p�u�4�D��õ�>6, u�4�>
6�O�òUYO\u�4�§Ý, E¤ì�§Ý
©Ù�\Øþ!, �U/¤9�, �ªE¤ì��
¤ [4,5]. Ïd, ��þ�§Ý©Ù�´<�¤'%
�, <�oF"��þ�§Ý©Ùþ!, >6©Ù
þ!. Cc5, �
Uõ SiGe HBT �9ÆA5, I
S	ÆöJÑ
Ãõ~�9�A��{ [6,7], 'X
�þ!���O!�þ!�må�O!�þ!	
6>{�O��, �ù
Ñ´éì��î�ëê�
O. éuì�p�(�ëê, AO´U�ó§ (Ge
|©©Ù) éì�9ÆA5Uõ�ïÄ%A��".

�©Äuû^ SILVACO ��Nì��ýóä,
©Û
Ä«ØÓ Ge |©©Ùé SiGe HBT 9ÆA
5�K�. (JL², �XÄ« Ge |©FÝ�O�,
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ì�§Ý©Ùþ!5CÐ, fT C�, §Ýé fT �
K�~f; 
��XÄ«u�(ý Ge |©¹þ X0

�O�, ì�OÃ β C�, §Ýé β �K�O�, 9
ÆA5C�. 3dÄ:þòÄ« Ge |©þ!©Ù
ÚÄ« Ge |©�C©Ù�(Ü, JÑ�±o�ì
�9ÆA5Ú>Æëê9­½5�#.Ä« Ge |
©©ã©Ù(�. /Ï SILVACO ��Nì��ý
�yL², �'uDÚþ! Ge |© SiGe HBT, #
. Ge |©©ã(�� SiGe HBT §Ý²wü$.
¿�, �X§Ý,p, ì�� β Ú fT Cz����
ú. ùL², äk#.Ä« Ge |©©Ù©ã(�
� SiGe HBT Ø
äk�Ð�9ÆA5	, >ÆA
5��é­½.

2 SiGe HBT ì�(�Úï�

Äu~�� SiGe HBT �Ä�ëê, �©æ
^ SILVACO/ATHENA ó ² � [ � ¬ ï á SiGe
HBT ��ì��.. ã 1 �ì����ü��
(�ëê. ã 2 ´�©ïá�õ� SiGe HBT ì
��.. |^ SILVACO/ATLAS �¬?1�ý, \
\
[£ÇÉ,�ßÝK��. conmob![£Ç
É>|K��. fldmob, ßÝÚ§Ý�6[£Ç
�. analytic, U�CÄ�. bgn, ëêÉ§ÝK�
�. selb, �6u§Ý���EÜ�. klaaug, §
ÝÚßÝXê��EÜ�. hnsaug. O��.æ
^ Block Newton S�{, �Ä�¬�\9��*Ñ
¤£, ¢y9>�".

ã 1 ü� SiGe HBT (�ëê«¿ã

3 Ä« Ge |©FÝé SiGe HBT A5
�K�

3.1 Ge |||©©©©©©ÙÙÙééé§§§ÝÝÝ©©©ÙÙÙ���KKK���

3�¢�¥, �
é'�ú�5, ·��±Ä

«¥ Ge �oþ��. ¤�O� Ge |©©ÙXã 3
¤«. Ù¥ XWb �Ä«¥8>(ý� Ge |©; X0

�Ä«¥u�(ý� Ge |©, Wb �Ä«°Ý.

ã 2 SILVACO/ATHENA �¬ïá SiGe HBT ì�(�

ã 3 Ä«¥ Ge |©©Ù«¿ã

é Ê « Ø Ó Ge | © © Ù � SiGe HBTs,
3 IB = 50 µA, VCE = 5 V �ó��¹e, |^ SIL-
VAVO/ATLAS �¬�[
Ùp�§Ý©Ù, Xã 4
¤«. �±w�, 3Ä« Ge |©¹þ�½�^�
e, �XÄ« Ge |©FÝ�O�, ì��§Ýü
$, �m§�ü$, §Ý©Ù�þ!5��Uõ. �

w���ß, ·�J�
ì�L¡§Ý?1é',
Xã 5 ¤«.

dã 5 �±é�Ù�w�, 3 Ge |©oþ�
½�^�e, 3��Ä« Wb ��S, � Ge |©�
Cþl 0 meV O�� 268 meV �, ì��¸�§
Ýeü 58 K, �m§�l 15 K  �� 5 K. ùL²,
Ge |©FÝ��3, �±Uõì��9ÆA5.

3.2 Ge |||©©©©©©ÙÙÙéééììì���OOOÃÃÃÚÚÚAAA���ªªªÇÇÇ
���KKK���

ã 6 �·�¢S�[�3ØÓ Ge |©FÝe
� SiGe HBT ì�OÃ�§Ý��6'X. lã¥
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·��±w�, �X Ge |©FÝ�O�, ì�OÃ
~�, �OÃ�§Ý�CzÌÝC�, ùéì�9
­½kÃ. é Ge |©FÝ�" (=þ!� Ge |©
©Ù), OÃ��, �OÃ�§ÝCz���, ùéì
�9­½Ø|.

e¡·�é Ge |©FÝé>6OÃ9Ù�§
Ý�'X��{ü©Û.

�Ä� Ge |©�C, n�G�e SiGe HBT �
OÃL�ª�L«� [8,9]:

βSiGe =

δλ exp[∆Eg,Ge(X0)/kT ][∆Eg,Ge(grade)/kT ]
1 − exp[−∆Eg,Ge(grade)/kT ]

βSi,

(1)

ã 4 ØÓ Ge |©FÝ� SiGe HBT ¬�§Ý©Ù (a) ∆Eg,Ge(grade) = 0 meV; (b) ∆Eg,Ge(grade) = 67 meV;
(c) ∆Eg,Ge(grade) = 134 meV; (d) ∆Eg,Ge(grade) = 174 meV; (e) ∆Eg,Ge(grade) = 268 meV
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ã 5 Ê« Ge |©©Ù� SiGe HBT §Ý©Ùé'

ã 6 ØÓ Ge |©©Ù� SiGe HBT �OÃ�§Ý'Xã

Ù¥

∆Eg,Ge(grade)

=∆Eg,Ge(XWb) − ∆Eg,Ge(X0),

δ =[(NCNV)SiGe/(NCNV)Si],

λ =[(µ)SiGe/(µ)Si].

�Ä« Ge |©�þ!©Ù�,

∆Eg,Ge(grade) = 0,

d� (1) ª{z�:

βSiGe = δλ exp[∆Eg,Ge(X0)/kT ]βSi, (2)

�±w�, �ê� ∆Eg,Ge(X0)/kT ´K�OÃ�
Ì�þ. 3�Ó Ge |©oþe, lã 3 wÑ, �X
Ä« Ge FÝ�O�, X0 ´ü$�, K ∆Eg,Ge(X0)
C�, �§ÝCz ∆Eg,Ge(X0)/kT CzþC�. Ï
d, �X Ge |©FÝO�, OÃk¤eü, OÃé
§Ý��6'X~f.

ã 7 �ØÓ Ge |©FÝe� SiGe HBT A�
ªÇ�§Ý��6'X. lã¥·��±w�, �

X Ge |©FÝ�O�, ì�A�ªÇO�, 
�A
�ªÇ�§Ý�CzÌÝC�, ªÇA5��Uõ.

ã 7 ØÓ Ge |©©Ù� SiGe HBT � fT �§Ý'Xã

e¡·�é Ge |©FÝéA�ªÇ9Ù�§
Ý�'X��{ü©Û.

HBT A�ªÇL�ª�±L«�:

fT =
1

2πτec
, (3)

ª¥, τec �16f�oÞ��m. Ù¥K���,
�� Ge |©FÝ���'�þ´Ä«Þ��m.
τb

[10]:

τb =
∫ Wb

0

n2
i

NB(x)

∫ Wb

x

NB(y)dy

Dn(y)n2
i (y)

dx, (4)

Ù¥

n2
i (x) =n2

i (0) e[∆Eg(0)+∆Eapp
g ]/kT

× e∆Eg,Ge(grade)x/kT ,

Kk

τb =kTW 2
b

[
1 + ( e−∆Eg,Ge(grade)/kT − 1)

×
(

1 +
kT

∆Eg,Ge(grade)
− 1

)]
, (5)

dúª (5) �±w��X ∆Eg,Ge(grade) �O
�, duÚ\
�f\�>|, τb C�, �Ù�§Ý
�CzÇ~�. Ïd, �X Ge |©FÝ�O�, A
�ªÇ fT Ø=O�
, 
�é§Ý��6'X�
~f
.

4 SiGe HBT Ä « Ge | © © Ù `
z�O

3þ¡(J�©Û�Ä:þ, ·�JÑ
Ä
« Ge |©`z©Ù —– Ä« Ge |©©ã©Ù(
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�, Xã 8 ¤«. §(Ü
DÚþ! Ge |©©Ù
Ú�C Ge |©©Ù, ´�«#.� Ge |©©Ù(
�. u�(? Ge |©¹þ X0 ´�
�yì�ä
k·��>6OÃ, 
Ä« Ge |©FÝ�±Jp
ì��A�ªÇ!Uõì��9ÆA5!ü$ì
�OÃÚA�ªÇ�§Ý�CzÇ, l
��o�
ì�9ÆA5, OÃÚªÇA5�8�.

ã 8 Ge |©`z�O«¿ã

ã 9 þ! Ge |©(�Ú`z Ge |©(�� SiGe HBTs ¬�
§Ý©Ù (a) Ä«þ! Ge |©©Ù; (b) #.Ä« Ge |©©
ã(�

3 IB = 50 µA, VCE = 5 V � �e, |^ SIL-
VAVO/ATLAS �¬�[
ã 8 ¤«�ü« Ge |©

©Ù� SiGe HBT ¬�§Ý, Xã 9 Ú 10 ¤«.
�±w�3Ä« Ge |©¹þ�½�^�e, �
'uDÚÄ« Ge |©þ!©Ù(�, äk`z
� Ge |©©ã©Ù� SiGe HBT ì��¸�§Ý
eü 37 K, �m§�l 15 K  �� 7 K, §Ý©Ù
�þ!5��
4�Uõ.

ã 10 þ! Ge |©(�Ú`z Ge |©(� SiGe HBT §Ý©
Ùé'

ã 11 SiGe HBTs � β �§Ý'Xã

·�éäk`z� Ge |©©ã� SiGe HBT
ì�OÃÚA�ªÇ�ì�§Ý�Cz?1
�
[, ¿�DÚþ! Ge |©� SiGe HBT ?1é',
Xã 11 Úã 12 ¤«.

lã¥·��±w�, �'uþ!Ä« Ge |
©©Ù� SiGe HBT, äk#.Ä« Ge |©©ã(
�� SiGe HBT �OÃk¤eü, ���±
�p
��, ÙOÃé§Ý�¯a5ü$, Jp
ì��
§Ý©Ù�þ!5Úü$
ì�¸�§Ý. Ó�,
du�±
�� Ge |©�C, Ø�A�ªÇk�
½Jp, 
�é§Ý�¯a5ü$. ù
(Jý«
X#.Ä« Ge |©©Ù� SiGe HBT Ø
§Ý©
Ù�Ð	, >ÆA5��Ð��é9­½, é¢S
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A^ékd�.

5 ( Ø

�©ïÄ
Ä« Ge |©©ÙFÝé SiGe
HBT 9Æ9>ÆA5�K�. (JL², 3 Ge |©
oþ�½��¹e, �XÄ« Ge |©©ÙFÝ�
O�, SiGe HBT ¸�§Ýü$, ì�§Ý©Ù�þ
!5CÐ; Ó�, fT k¤þ,, β k¤eü, §Ýé
ì� β Ú fT �K�~f. 3dÄ:þ, JÑ
o�
ì�§Ý©Ùþ!5, OÃA5ÚªÇA59Ù9
­½5�#.Ä« Ge |©©ã©Ù(�. (JL
², �'uDÚþ!Ä« Ge |©©Ù� HBT, äk
`z� Ge |©©Ù(�� SiGe HBT ì��§Ý
ü$, ì�§�C�, §Ý©Ù�þ!5��4�
Uõ; Ó�, ÙOÃÚA�ªÇé§Ý�¯a5C
f, ùL²Ä«æ^#. Ge |©©Ù(�Ø�J

p
ì�§Ý©Ù�þ!5, �Uõ
>ÆA5�
9­½5. ù
ïÄ(J´é SiGe HBT 5UïÄ
�Ö¿, é SiGe HBT ��O!��ÚA^äk­
��ë�d�.

ã 12 SiGe HBTs � fT �§Ý'Xã
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Effects of Ge profile in base region on thermal
characteristics of SiGe HBTs∗
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Abstract
As is well known, the base Ge composition can improve the DC characteristics, frequency characteristics and noise characteristics

of SiGe HBTs. However, the reports about the effects of Ge profile on HBTs thermal characteristics are rare. In this paper, by use of

SILVACO simulator, the effects of different Ge gradients on thermal and electrical characteristics of SiGe HBT are investigated. It is

found that under the same total Ge amount condition, as Ge gradient increases, the fT of device increases significantly, the uniformity

of temperature distribution becomes better, the influences of temperature on the β and fT are weakened, but the gain β becomes smaller.

For the device with uniform Ge composition, the β is high, but the influence of temperature on the β is enormous, the uniformity of

temperature distribution is poor. Based on these results, in order to make a tradeoff among thermal, gain and frequency characteristics, a

novel Ge composition structure with the combination of the uniform and graded Ge composition is proposed. The results show that the

novel Ge composition structure SiGe HBT has good performances lower peak temperature, better uniform temperature profile, smaller

variabilities of β and fT with temperature, sufficient high β and fT compared with the uniform Ge composition device. These new

results provide valuable reference for the device thermal design, and are supplemental to the research and application of SiGe HBTs.

Keywords: SiGe Heterojunction bipolar transistor (HBT), thermal stability, Ge-profile, SILVACO
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