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AC÷á�äkO���A5, ��IO7ó²oN, ¤�¢y7Äu1ì���ÿÀá���. �©
Äu van de Walle /C³nØ, O�
AC�¹e��N Ge á��U�(�±916f3��¥�©Ù; ÏL©
Û16f���Úm��m�Ë�EÜ±9��EÜ! ��Úå��Ë�EÜ�¿�, O�
 N .�,ÜA
C Ge á�����[�Sþf�ÇÚ1OÃ�u15�. (JL², ÜAC�k�Or Ge á����Y�[u
1. 3 1.5%ÜAC^�e, N .�, Ge ���Sþf�Ç�±�� 74.6%, 1OÃ�±�0 - 2xá��'[.

'�c: AC, N .�, Ge, þf�Ç, 1OÃ

PACS: 62.20.fg, 61.72.uf, 73.50.Gr, 74.25.Gz

1 Ú ó

Si Ä-1ì´¢y Si Ä1Ï&Ú1>8¤
�'�ì���. du Si �m��A5, �� Si

Äu1ì�4ä]Ô5. ¢y�û�z)�� Si

Ä17Lä�±eü�^�: (1) ��ó²7L
� CMOS ó²�oN; (2) �ÐU
¢y>5\u
1. Cc5, AC Ge �� Si Äu1�OÃ0���

2�'5 [1−7]. ÏLAC��{�±ü$ Ge á
������Y�m���Y��, l¢y Ge

lm��á�����á��=C.

�©|^ van de Walle /C³nØ, O�
A
C�¹e Ge �U�(�±916f3��¥�
©Ù. ÏL©Û16f3���!m��Ë�EÜ
±9�«�Ë�EÜ�¿�, O�
AC N .�
, Ge ��OÃ0��Sþf�ÇÚ1OÃ.

2 AC Ge �U�(�

Ge áum��Yá�, m���Ë�EÜL
§I�(f�ë�, ÏdÙu1�Ç$uDÚ�

0 - 2xá�. , Ge �����m����
.�m3¿§e=�� 136 meV, ����Ë�
EÜ�Ç�'m���p 3—5 �þ?, XJU¢
y Ge ����Yu1, §����u1�ÇòÚ
0 - 2xá���. Ù¥'��¯K´XÛ¦16
f�õ/W¿� Ge ����U�¥. ÏLACÚ
�,��{´)ûù�'�¯K�k�å» [8].

2.1 AAACCCééé Ge UUU���(((������KKK���

�¢y Ge �p�u1, 7L¦ Ge ����U
�Ók�þ�>f. 3O²ïG�e, Ge ����
m��U����û½
���U�Ók>fê
�õ�. ù�����, K���U�Ók�>f
êò�õ. ÏLAC��^, �±N! Ge �¬�
(�, ?à} Ge �U�A5. éuAC Ge �U
�(�, �±æ^ van de Walle /C³nØ [9,10] ?
1�'O�. nØO�L², ÜACUC
 Ge m�
�!����Y, ¿� Ge �d�u)
ò{¿y
�, Xã 1 ¤«.
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Äu/C³nØ, 3AC��^e, ����
Y!m���Y�±�¤Xe�/ª:

ã 1 ÜAC�^c!� Ge U�«¿ã

m����.��Ç�º

EL-HH
g = EL

g0 − δEL
hy + 0.5δEsh, (1)

m����.���Ç�º

EL-LH
g = EL

g0 − δEL
hy + 0.25δEsh + 0.5∆ − 0.5

×
√

∆2 + ∆ · δEsh + 2.25 · (δEsh)2, (2)

�����.��Ç�º

EΓ-HH
g = EΓ

g0 − δEΓ
hy + 0.5δEsh, (3)

�����.���Ç�º

EΓ-LH
g = EΓ

g0 − δEΓ
hy − 0.25δEsh + 0.5∆ − 0.5

×
√

∆2 + ∆ · δEsh + 2.25 · (δEsh)2,(4)

Ù¥, EL-LH
g , EL-HH

g ©OL« L U���!�Ç
�ål; EΓ-LH

g , EΓ-HH
g ©OL« Γ U���!�

Ç�ål; EL
g0, EΓ

g0 ©OL«ÃAC^�e� L U
�Ú Γ U��U��Y; ∆ L«g^;�3�U.

δEL
hy = −2aL(1 − C12/C11)e11,

δEΓ
hy = −2aΓ(1 − C12/C11)e11,

δEsh = −2b(1 + 2C12/C11)e11.

aL, aΓ ©OL« L U�!Γ U�6N·Øå/¤
U; b L«d�ü¶AC�/C³ëê; C11, C12

� Ge á���5~ê; e11 �Y²���AC, O
�¥ÀJ��ëê�ê�XL 1 ¤« [9−11].

L 1 AC Ge U�(�O��'ëêL

aΓ/eV aL/eV b/eV C12/GPa C11/GPa ∆/eV EΓ
g0/eV EL

g0/eV

−8.97 −2.78 −1.88 48.3 128.5 0.289 0.802 0.664

ã 2 Ge � � ! m � � � � . � � !  � Ç å l
�AC�Cz'X

�����.Úm��.��!�Çd�
º�U�YÚAC�'X�O�(JXã 2 ¤«.

Ù¥ C-LH, C-HH ©OL«���.��!�Ç
d�º�U�Y; C-indLH, C-indHH ©OL«m�
�.��!�Çd�º�U�Y. 3ÜAC��
^e, Ge �U�(�u)
��Cz. ��¡,

Ùd���Ç�Ú�Ç�u)ò{¿, �éuÃ
AC Ge ��¹, ��Ç¬�þ l�5 �, 
�Ç¬�e l�5 �; ,��¡, �����
. Γ U�Úm��. L U�Ó��e l�5 
�, ¿� Γ U��e l�¯, �é{`, ÜAC 
�
�� Γ U�Ú L U��m��å. �ÜAC
� 1.7% �, d�� Ge dm��Yá�=C���
�Yá�, �Y� 0.5 eV.

ã 3 �Ñ����m��U����AC�
Cz'X. �±wÑ�X�AC�O�, Ge U
¢
ym��á�����á��=�. ÜACU
J
p Ge �O���A5, lJp Ge ����Y
u1�Ç. �´AC�Ú\Ó��¬� Ge á��
5Ø|K�. Äk, AC�pN´�� Ge �¬N
�þ, 'X)�L§¥�U�� ��Ý��, L
¡o÷, lOr�Ë�EÜ. 3¢�þ, �±ÏL
3 Si þ	ò Ge, |^§��¬���Ú9���
�Ó�^¼��½§Ý�AC�±ûÐ� Ge ¬
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N�þ. ã 4 L«
7�.þ)� Ge 3ØÓ§Ý
eò»�É��ÜAC�¢��ÚnØO��(
J, Ù¥:�¢��, ¢��nØO�(J. nØ
��O�
9��Úå� Ge �AC.

ã 3 Ge ��!m��U����AC�Cz'X

ã 4 	ò Ge ò»§Ý�AC�'X

Ùg, AC�p Ge ��Y~�, �l
1Ï&
Åã�A^. �,, �ÜAC� 1.7% �, Ge U
¤
����Yá�, Jp
u1�Ç, �´§��Y
�éA�1Å�C� 2.5 µm, ØU÷v1nÏ&�
I�

ùü�¯KL², ==ÏLAC��{Øv
±¦ Ge �u1å�1Ï&A^�8�. �´Ï
L�,W¿m��U�, ´k�)ûù�¯K�
å»�� [12] .

2.2 111666fff333 Ge ¥¥¥���©©©ÙÙÙ���¹¹¹

3²ïG�e, >fUUþ���Ì¤�©Ù
5Æ. |^¤�©Ù¼ê�±O� Ge ��¥�,
ßÝ�¤�U?�'X, ^ n L«���>fßÝ,

KO�úªXe:

n =
1

2π2

(2mL
nkT

~2

)3/2
∫ ∞

0

x1/2dx

1 + exp(x − ξ)

+
1

2π2

(2mΓ
nkT

~2

)3/2

×
∫ ∞

0

x1/2dx

1 + exp(x − ξ + (∆E/kT ))
. (5)

Ù¥, mL
n, mΓ

n ©OL« L U�!Γ U�G��Ý
k��þùp©O� 0.56 m0, 0.038 m

[3]
0 ; k �À�

[ù~ê; T �ýé§Ý; ~ �ÊK�~ê h �'
X� ~ = h/(2π); ∆E � L U�� Γ U����;

ξ = EF−Ec
kT , EF ´¤�U?, Ec �m����..

ã 5 16fW¿Y²�O¤�U?�'X

ã 6 ¤�U?�� Ge ���.¤I16fßÝ�
AC�'X

ã 5 �Ñ 1.5% ÜAC^�e N .�,ßÝ
Úå�O¤�U?� �Cz. ÏLO�uy,

Ge 3 1.5% ACe, ��,ßÝ�� 8×1018 cm−3

�, O ¤ � U ? � � m � � .,  � , ß Ý
� 1.4 × 1019 cm−3 �O¤�U?������
�.. ��,ßÝJp�, O¤�U?��Jp, 1
6fÏL¤�©Ù5Æ, Óâ�����.�AÇ
ò��Jp.

ã 6 L«�¤�U?�����.�¤I�
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��,ßÝ�AC�Cz'X. l¥·��±��
AC��, ¤�U?�����.�¤I���,
ßÝ�$.

3 N .�,AC Ge �u15�

?Ø��N¥�1>ÔnL§, ÄkI�>f
��ÇéEÜ?1©Û. 3AC N .�, Ge á�
¥, m��!���U�¥þÓk�½êþ�>f,

¦��d��!�Ç�EÜL§LyÑË�E
Ü�´�Ë�EÜw�c��. Ë�EÜ��Ë
�EÜ�m�¿�'Xû½
á��Sþf�Ç,

,	�Ë�EÜé5\.��N-1ì�K��
�´¦K�>6�ÝO\.

3.1 Ge ¥¥¥111666fff���EEEÜÜÜ

?u9²ïG�e� N .�, Ge, 3�½§
Ýe, >fÚ�Ç�ßÝ´�½�. �é²ï�e
� N .�, Ge 5\16f½1ì, �²ï16f
Ò¬?1EÜ. �²ï16f�EÜL§�±©�
Ë�EÜÚ�Ë�EÜ. ^ n Ú p ©OL«>fß
ÝÚ�ÇßÝ.

Ë�EÜÇ�±�¤:

R = rnp, (6)

Ù¥Xê r ¡�>f�ÇEÜVÇ, �±ÏL¢�
ÿ� [13]. 9²ï�, �)Ç = EÜÇ; =:

G = rn0p0 = rn2
i , (7)

Ù¥ n0, p0 �²ï�16fßÝ, ni ���16f
ßÝ; éuÀEÜÇ:

Ud = R − G = r(np − n2
i ), (8)

35\>f ∆n ��¹eke�'Xª:

n = n0 + ∆n; p = p0 + ∆p; ∆n = ∆p,

�\þª�±��ÀEÜÇ�L�ª:

Ud = r(n0 + p0)∆p + r(∆p)2. (9)

u´�²ï16f�Æ·�±�¤:

τ =
∆n

Ud
=

1
r(n0 + p0 + ∆n)

. (10)

l�²ï16fÆ·�úª�±wÑ, Æ·�
>f�ÇEÜVÇ, ²ï�>f�Ç�ßÝ95\
�16fßÝk', @oéu Ge m��á�, �©
����Úm��Ë�EÜ; ���EÜ�²ï1
6fÆ·�¤:

τn = τp =
∆n

rdir(ndirp − ndir0p0)
, (11)

m��EÜ�²ï16fÆ·�¤:

τn = τp =
∆n

rind(nindp − nind0p0)
, (12)

Ù¥ rdir, rind ©O� Γ, L �>f�ÇEÜVÇ;

ndir, nind ©O� Γ, L �>fßÝ; p �d��Çß
Ý; ndir0, nind0 ©O��5\16f²ïG�e Γ,

L �>fßÝ; p0 ��5\16f²ïGed��
ÇßÝ.

3pßÝ16f��¹e, >f�Çé3EÜ
�[¥�Uòº�Ñ5�Uþ��,��>f½
�Ç¿r§-u��S���p�U�þ�. EÜ
¤�Ñ�Uþé,��>f½�Ç´��N\�
ÄUÑy�, ùÒ´�Ë�EÜ¥���EÜ. �
�EÜ�²ï16fÆ·�±�¤:

τ =
∆n

γn(n2p − nn0p0) + γp(np2 − pn0p0)
, (13)

Ù¥, γn, γp ©O���EÜEÜXê.

éuAC N .�, Ge, ��,�¤�U?�
� Ge ���.�, Ge ����U�¥Ók
�þ
�>f, 35\L�16f��¹e, >f��Ç
�EÜL§Ì��Ä
���Ë�EÜ!m��
Ë�EÜÚ��EÜn�L§.

O�ëê�ê�XL 2 ¤« [3].

L 2 AC N .�, Ge 16fEÜO��'ëêL

rdir/cm3·s−1 rind/cm3·s−1 γn/cm6·s−1 γp/cm6·s−1

1.3 × 10−10 5.1 × 10−15 3.0 × 10−32 7.0 × 10−32

ã 7 L« 1.5% ÜAC^�e� N .�, Ge

(�,ßÝ� 1.4 × 1019 cm−3) 3ØÓ�5\16
f�¹e, ���Ë�EÜÆ·!m��Ë�EÜ
Æ·Ú��EÜÆ·nö�¿�'X. �5\�1
6fßÝ��u 1 × 1019 cm−3 ����Ë�EÜ
åÌ��^, �X5\16f�O�, ��EÜå
Ì��^, ùòü$ Ge �u1�Ç.
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ã 7 16fÆ·�5\16fßÝ�Cz'X

3.2 SSSþþþfff���ÇÇÇ

u1�Ç�N
��Nì����>1=�
Uå. ì��>f�Ç5\�Ç, Ñ1�Ç±9
Sþf�Çû½
��Nì��u1�Ç. c¡ü
«�Ç�±ÏL`zì���O, ��Uõ, ,
¼�pSþf�Ç�J:3uá��O. 3AC N

.�, Ge �²ï16f�EÜL§¥, ���Ë
�EÜ!m��Ë�EÜÚ��EÜ, nö�m�
¿�'Xû½
 N .�, Ge �Sþf�Ç. du
���Ë�EÜVÇ'm���péõ, ·�=�
Ä����[�Sþf�Ç, L«�

η =
τ−1
dir

τ−1
dir + τ−1

ind + τ−1
A

, (14)

Ù¥ τdir, τind!τA ©O����!m��Ú��
EÜ�²ï16fÆ·.

ã 8 O�
 1.5% AC^�e� N .�, Ge

�Sþf�Ç. l(J�±wÑ, �X5\16f
ßÝO\� 1 × 1018 cm−3 �, ��EÜm©åÌ
��^, ÙSþf�Ç�ü$
, ù�0 - 2á�
3¢�þ���(Ø´���� [14].

ã 9 �N
��Sþf�Ç�AC�'X. �
AC�� 1% ±�, N .�, Ge �Sþf�Çk

wÍ�Jp. ÏdO\AC´JpAC N .�
, Ge �Sþf�Ç�k�å».

�Ä�á�� ��Ýéu1�Ç�K�. |
^©z [15] ��., O�
�²ï16f� �Ð
¼�Æ·� ��'X:

τn = (4πDnND)−1

×
[ 2Dn

aVnS
− 3

2
− ln(πa2ND)

]
,

τp = (4πDpND)−1

×
[ 2Dp

aVpS
− 3

2
− ln(πa2ND)

]
, (15)

Ù¥ Dn(p) �*ÑXê; ND � Ge á�� ��
Ý; a �¬�~ê; Vn(p) �¿§e, >f (�Ç) 9$
Ä�Ý; S = 0.5 �²��.

T�.O�(JXã 10 ¤«, �©z [16] �
�(J�ÎÜ. (14) ªO\ ��ÝÚå��Ë�
EÜ�K�, Sþf�Ç���

η =
τ−1
dir

τ−1
dir + τ−1

ind + τ−1
A + τ−1

dislocation

, (16)

O��� ��ÝéAC N .�, Ge u1�Ç�
K�, Xã 11 ¤«. ã¥L² 1.5% ACe N .�
, Ge  ��Ýl 105 cm−3 � 106 cm−3, KSþf
�Çl 0.7428 ü� 0.7034, eü
 5.3%. T(JL
² ��Ý3 106 cm−3 ±e�éá��u1�Ç
K��±�Ñ.

ã 8 ØÓ5\16fßÝe���Sþf�Ç

ã 9 Sþf�Ç�AC�'X
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ã 10 �²ï16f� �Ð¼�Æ·� ��'X

ã 11  ��ÝéSþf�Ç�K�

3.3 111OOOÃÃÃ���áááÂÂÂ

AC N .�, Ge �1OÃ�áÂXê�'X
�L«�

γΓ(hυ) = αΓ(hυ)(fc − fv), (17)

Ù ¥ γΓ(hυ) � O Ã X ê; αΓ(hυ) � á Â X ê;

(fc − fv) L«âfê�=Ïf.

du3AC�^�e Ge �d�u)
ò{¿
y�, ���>f��!�Ç��[Ý
���
�u)Cz, ÏL¢�[Ü 0.2% ACe Ge �áÂ
Xê�±��ã 12 9�A�[Üúª [3]:

αΓ(hν) = A(0.318
√

hν − EΓ
g (lh)

+0.682
√

hν − EΓ
g (hh))/hν. (18)

Xê 0.318 ÚXê 0.682 ØÓ´Ï����
� � !  � Ç � é Ü � � Ý Ø Ó, �  � Ç �
é Ü � � Ý ' � �. l ¢ � [ Ü ( J 5 w [3],

A C é X ê A � K � Ø �, ù p O � � A =

2.0 × 104 eV1/2/cm.

O��� 1.5% AC N .�, Ge (�,ßÝ
� 1.4 × 1019 cm−3) 35\ØÓ16fßÝ ∆n �
�OÃ�¹Xã 13 ¤«.

ã 12 0.2% ÜAC Ge áÂ�

ã 13 1.5% ÜAC^�e N .�, Ge OÃ�5\1
6fßÝ�Cz

ã 14 1OÃ!gd16fáÂ±9ÀOÃ�X5\
16f�'X

gd16f�áÂ�XÅ��O�O\, ¿
�3p5\16f��¹e, gd16fáÂ�K
�C�Ø��Ñ. �AC N .�, Ge OÃ0��
�âfê�=�^��, gd16f�áÂÚ1O
ÃL§òp�¿�, �ªû½
á��À1OÃ.
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ÏL[Ü N .�, Ge[17] Ú p+Ge[18] gd16f
�áÂL§, �±��gd16fáÂÚ1Å��
'X:

αab(λ) = −3.4 × 10−25ncλ
2.25

−3.2 × 10−25pvλ
2.43. (19)

ã 14 L« 1.5% ACe N .�, Ge á�1O
Ã!gd16fáÂ±9ÀOÃ�X5\16f
�'X. O�L², 3 1.5% ÜAC^�e, gd1
6f�áÂé N .�, Ge 1ÀOÃ�K�Ø�,

ù´Ï��p�AC Ge é�C���á�, ��
�Ók�þ�16f, ù
16f�Ü©ë�

Ë�EÜL§. 3 1.5% ÜAC 1.4 × 1019 cm−3 �

,ßÝe5\16fßÝ� 5.0× 1019 cm−3 �, �
¼����ÀOÃ�� 4860 cm−1, T(J�±�
0 - 2xá��'.

4 ( Ø

N .�,AC Ge �� Si Äu1á��O
Ã0�'åN Ge äk���A^d�. O�(J
L²ÏLJp Ge ¤É�ÜACÚ N .�,ßÝ�
k�Jp Ge ����Ë��[Sþf�Ç, ¢y
�0 - 2xá��'[�1OÃ. ÄuACó§Ú
�,ó§�7Ä Ge á�k"A^up��7Äu
1ì�.
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Abstract

Tensile-strained germanium is one of the promsing materials for Si-based photonic devices due to its quasi-direct band and

compatiblility with silicon technology. The band structure of tensile-strained germanium is investigated based on the theory of van de

Walle deformed potential. The carrier distributions in the conduction bands at Γ and L vallies under the strain, and the n-type doping

concentratoin in germanium are analyzed. Considering the competition between radiative recombinations at Γ and L vallies and Auger

recombination, as well as dislocation induced non-radiative recombination, internal quantum efficiency and optical gain for direct band

transition in n-type Ge are calculated. It is shown that 74.6% internal quantum efficiency can be obtained in the 1.5% tensile-strained

n-type doped Ge under carrier injection and a strong optical gain is predicted, which is comparable to those of 0 - 2 materials.
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