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3 Si (001) �.þ, ±p�þ�µþ Ge �����À�, k�)� Sn |© x ©O� 2.5%, 5.2%Ú 7.8%���
AC�n� Ge1−xSnx Ü7��. 3 Si (001) �.þ��)�
 x ©O� 0.005, 0.016, 0.044, 0.070 Ú 0.155 �Ê�
µþ Ge1−xSnx �¬. ÏL©Ù4�Ñ�Ì!p©E X ��û�Ú X ���´�mã��{ÿþ
 Ge1−xSnx Ü
7�|©�¬�~ê. ¢����¬�~ê�é Vegard ½Æäk���� l, �­Xê b = 0.211 Å.

'�c: GeSn Ü7, ¬�~ê, Vegard ½Æ, �­Xê

PACS: 61.66.Dk, 81.05.Cy

1 Ú ó

���«#.� IV x��N, GeSn Ü73
7Äp�u1ì� [1]!ù	1>&ÿì [2,3] Ú7
á-�zÔ-��N-|�A¬N+ (MOSFETs)[4] �
�¡þäk­��A^cµ, ÏdCc5É�
�
5�õ�'5. �, GeSn Ü7�)��3X Sn

3 Ge ¥��MÝ$!Sn N´©vÚ¬����
�Ãõ(J, �´�´k�ê�A�ïÄ�||
^©få	ò [5−9](MBE) ½�pý�zÆí��
È [10] (UHV/CVD) ��{)�Ñ
p�þ� GeSn

Ü7��. p�þá��¼��Ù(�!|©Ú5
���ïÄJø
7��^�, �¦�é�'nØ
O�(J�¢��y¤��U. 8c, GeSn Ü7�
¬�~ê�|©�Cz'X�é����.

����NÜ7½zÜÔá� BA �¬�~ê
�±Lã�

aBA(x) = aAx + aB(1 − x) + bx(1 − x),

Ù¥, x � A ���|©, a L«¬�~ê, b ¡
��­Xê (bowing parameter). � b = 0 �, =

Í¶�¤³� (Vegard) ½Æ. é Ge1−xSnx Ü7

ó, @3 1997 c Xie �< [11] ÒnØý�
§�
¬�~ê� l Vegard ½Æ, = b > 0. ù�Ù¦
� IV xÜ7, X Si1−xGe[12]

x Ú Si1−xC[13]
x ���

¹´�Ð���. �5��
nØO� [14−18] �
Ñ�Ñ GeSn �¬�~ê� l Vegard ½Æ�(
Ø. 
¢��¡, 8c�k Kouvetakis �< [10,14,18]

��L. ¦�3 2002 c�Ñ�(J´ b > 0[10]. ,

, �C¦�q?�
�k�(J
�� b < 0

�(Ø [18]. ù�þã¤knØO��(J, �)
¦�gCO��(J [14,18], %TT´���. ¤
±, éù�¯K�@£I��õ�¢�ÚnØïÄ
5�±©�. �©Ó�éACÚµþ� Ge1−xSnx

Ü7�|©Ú¬�~ê?1
ÿÁ©Û, (JL
² Ge1−xSnx Ü7�¬�~ê�é Vegard ½Æä
k���� £. ù�(J�nØO�(J [15−17]

�~��.

2 ¢ �

á � ) � ´ 3 � � g 1 ï � � UHV/CVD
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X Ú ¥ ? 1 �. § � ) � ¿ � � . ý � Ý �
3.0×10−8 Pa, ��
 MBE éý�Ý��¦. T
X Ú C k MBE 
 ¬, l 
 ¦ � § Ø 
 � ± ¢
y UHV/CVD �õU	, ��±¢y MBE �õ
U. æ^ UHV/CVD �ª)��, ¦^pX��z
Ô, X GeH4 Ú Si2H6 �, ��
á�; 
æ^ MBE

�ª)��, K¦^pX� (99.9999%) �N Ge Ú
�N Sn ��
á�. á�)�L§¥æ^��p
U>fû�¤ (RHEED) ?1� *ÿ�¬L¡�
/müC. æ^ MBE �ª)����±éd?1
¢�*ÿ.

¢�¦^ 4 =�� n .ü¬ Si (001) �., Ù
>{Ç� 2—4 Ω·cm. á�)��cké�.?
1�W!ØíÚø�±¼�'À�L¡ [7−9]. )
��¬ A �, kæ^ UHV/CVD )��� Ge �
�, ,�2æ^ MBE )� GeSn Ü7. ø�(å
�ò�.§Ýü� 340 ◦C, k)�$§ Ge �À�,

þÝ� 50 nm. ,�, ò�.§ÝJp� 630 ◦C,

)�p§ Ge á��. Ge �oþÝ� 370 nm. ù
« “$§!p§üÚ{” �±3 Si �.þ)�Ñ
L¡�~²�!¬N�þ�~Ð!Bß ��'
���µþ Ge �� [7,8,19]. �X, 2ò�.§Ýü
� 180 ◦C, æ^ MBE �{k�)� Sn |© x ©
O� 0.025, 0.052 Ú 0.078 �n� Ge1−xSnx Ü7.

ùn� GeSn Ü7äk�Ó�þÝ ∼97 nm. §�
� Ge �¬���Ý©O� 0.37%, 0.76%Ú 1.15%.

·��3 Si �.þ, ��)�
|©�Ø
� Ó � � | Ge1−xSnx Ü 7 � ¬. é � ¬ B1,

| © x = 0.005, þ Ý t = 237 nm; é � ¬ B2,

x = 0.016, t = 79 nm; é � ¬ B3, x = 0.044,

t = 192 nm; é�¬ B4, x = 0.070, t = 79 nm; é�
¬ B5, x = 0.155, t = 53 nm. �¬ B1—B5 äk�Ó
� Ge 
¬§Ý (=�Ó� Ge �È�Ç ∼0.22 Å/s).

ÏLUC Sn 
¬§Ý��ØÓ� Sn |©. �
¬ B1—B5 � Sn 
¬§Ý©O� 760 ◦C, 800 ◦C,

830 ◦C, 860 ◦C Ú 890 ◦C.

þã�á�)�L§���©z [7—9]. Ø
3	ò)�L§¥|^ RHEED ?1� ¢�*
ÿ	, �^p©E X ��û� (HR-XRD)!X �
�û��´�mã (XRD-RSM)!©Ù4�Ñ�
Ì (RBS)!ß�>fw�º (TEM)!w�.ù (µ-

Raman) 1ÌÚ�>�ª��fåw�º (AFM) �
éþã�¬?1
ÿÁÚ©Û.

3 (J�?Ø

¤k�¬¥, GeSn Ü7� RHEED û�ã�
L², §�Ñvku) Sn �L¡©v. �¬ A L
¡'�²�, AFM ÿÁ���þ�� (rms) o÷Ý
� 1.45 nm. �¬ B1—B5 �L¡�é²�, L¡ rms

o÷ÝþØ�L 1.0 nm.

� ¬ A ¥ � � GeSn Ü 7 � � ) � � Ge

Ú Sn �
¬§Ý©O�©z [7] �n«ØÓ|
©� Ge1−xSnx Ü7 (x = 0.025, 0.052 Ú 0.078)

��¹�Ó. Ïd, �� GeSn Ü7ATäkéA
�Ó�|©. ÏLÿÁ�¬ A �©Ù4�Ñ�
Ì (�ã 1), �±������ Ge1−xSnx Ü7�
|© x. ���(J�c¡�O�(J´��
�, =�� Ge1−xSnx Ü7�|© x ©O� 2.5%,

5.2%Ú 7.8%. l�¬ A � (004) HR-XRD ­� (ã
��Ñ) ¥�±*	�n�kb�é¡� GeSn ¸,

ù`²�� GeSn Ü7ÑäkéÐ�¬N�þ. l
�¬ A ��¡ TEM ì¡ (ã��Ñ) ����¬
�þ�Ð, "�! ���.

ã 1 �¬ A � RBS ��Ì��ÅÌ (�¬ A �á�(�
� Ge0.922Sn0.078/Ge0.948Sn0.052/Ge0.975Sn0.025/Ge/Si (001))

l�¬ A � (224) ¬� X ��û��´�m
ã (ã 2) �±wÑ, 3²1)�²¡���þ, n
� Ge1−xSnx Ü7Ñäk� Ge �À��Ó¬�
~ê, Ïd§�Ñ´��AC�. é�¬?1 µ-

Raman 1Ì (λ = 488 nm) ÿÁ, *	���k
b� Ge-Ge LO (f¸, ¸ � 298.53 cm−1. º
� Ge0.922Sn0.078 ���þÝ��u\�-1�á
Â�Ý [20], ¤±T.ù¸
u Ge0.922Sn0.078 �
�. nØþ [20], ��AC� Ge0.922Sn0.078 Ü7é
A� Ge-Ge LO (f¸A u 298.56 cm−1. ù�¢
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�(J�~��, ¤±.ù1Ì�(J�w«�¬
¥ GeSn Ü7´��AC�.

ã 2 �¬ A � (224) ¬� XRD-RSM ã (Q(x) éA²1u)
�²¡��, Q(z) éAR�u)�²¡��)

b½ a Ú c ©O´²1ÚR�u)�²¡�
¬�~ê. ÏLã 2 éN´��� Ge1−xSnx �é
A�¬�~ê a Ú c. Ù¥ã 2 ���R�u)�
²¡�¬�~ê c � HR-XRD ÿÁ���(J´
���. ®�� GeSn �éA�¬�~ê a Ú c, Ï
LXe�'XªÒ�±��µþ�¹e GeSn Ü7
éA�¬�~ê:

a0 = (a + 2cC12/C11)/(1 + 2C12/C11).

Ù ¥ C12 Ú C11 Ñ ´ á � � å Æ � 5 ~ ê, a0

´ µ þ GeSn Ü 7 � ¬ � ~ ê. d u Sn ¹ þ
'�$, � Ge1−xSnx � 2C12/C11 �� Ge ��,

= 0.666129.

ã 3 �Ñ|^þã�{��� Ge1−xSnx Ü7
�¬�~ê�|©�Cz'X. §��é Vegard ½
Æk²w����� l. ÏLé¢�êâ?1[
Ü, ���­Xê b = 0.211 Å.

þã�Ñ�´�¬ A �(J. �
?�Úï
Ä Ge1−xSnx Ü7�¬�~ê�|© x �Cz'
X, ·��3 Si �.þ��)�
�|ACµ
þ� Ge1−xSnx Ü7�¬ (B1—B5), ¿é�¬?

1 RBS Ú HR-XRD �ÿÁ, l
¼�|©Ú¬�
~ê�&E.

ã 3 ¢����ØÓ|©� Ge1−xSnx Ü7�¬�~ê9Ù
[Ü­� (b = 0.211 Å) (��é', ã¥��Ñ�­~ê b = 0,

= Vegard ½Æ��¹)

ã 4 Si (001) � . þ � � ) � � � | Ge1−xSnx Ü 7 �
¬ (B1—B5) � HR-XRD ­�

ã 5 �¬ B2 (Ge0.984Sn0.016/Si) � RBS ��Ì��ÅÌ

ÏL�¬ B1—B5 � (004) HR-XRD ­� (�
ã 4) �±���¬R�u)�²¡�¬�~ê c.
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du GeSn � Si �.�¬����� (> 4.2%), ¤
± GeSn Ü7´µþ�. du)�§Ý (∼200 ◦C)

'�$, á�¥�3�½�í{Aå. ÏLÿÁ
�¬ B1 � (004) Ú (224) HR-XRD, ©ÛL²T�
¬ GeSn ��ACµþÝ��
 98%. 3²1)�
²¡þ, Ge0.995Sn0.005 �É�
 –0.00083 �ØA
C. Ïd, ·�b½é�¬ B1—B5 k a0 ≈ c. �
¬ B1—B5 �|© x d RBS ÿÁ��. ;.� RBS

ÿÁ(J�ã 5.

ã 6 µþ Ge1−xSnx Ü7 (�¬ B1—B5) �¬�~ê�|
©�Cz'X (ã¥Ó��Ñ
�­Xê b = 0 (Vegard ½Æ)

Ú b = 0.211 Å�ü^­�)

ã 6 �Ñ
�¬ B1—B5 ¥ Ge1−xSnx Ü7�
¬�~ê�|©�Cz'X. lã¥��, ¬�~
ê�|©�Cz'X� b = 0.211 Å��¹´'�
���. Sn |©�$�, GeSn �¥¬�3é��
ØAC; 
 Sn |©�p�, K¬�3é��ÜA
C [18]. �Ä�ù�Ï��, ¬�~ê�|©�Cz
ò�\ªCu b = 0.211 Å��¹.

4 ( Ø

ÏLéAC (�¬ A) Úµþ (�¬ B1—B5)

� Ge1−xSnx Ü7�¬�~êÚ|©�ÿÁ©Û,

(JL²: Ge1−xSnx Ü7�¬�~ê�|©�
Cz�é Vegard ½Æäk���� £, �­X
ê b = 0.211 Å. ·��¢�(J� Chibane[15,17]

Ú Chroneos[16] �<ÏLnØO����(J�~
/��.

a��u&E�Æ�EâI[¢�¿�]Ï, a��

®�ÆØÔn�ØEâI[­:¢�¿ê÷¬P�Ú¥I

�Æ���NïÄ¤��ïP�!�¡Ró§��<3¢

�ÿÁ¥����Ï.
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Lattice constant deviation from Vegard’s law
in GeSn alloys∗
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Abstract

Three layers of fully-strained Ge1−xSnx alloys with x = 0.025, 0.052, and 0.078 from bottom to up are grown on a Si (001) sub-

strate using a high-quality, strain-relaxed Ge thin film as buffer layer. Five relaxed Ge1−xSnx samples (x = 0.005, 0.016, 0.044, 0.070,

and 0.155) are grown directly on Si (001) substrates as well. The compositions and lattice constants of the Ge1−xSnx alloys are mea-

sured by Rutherford backscattering spectra, high-resolution X-ray diffractions, and X-ray reciprocal space mapping. The experimental

results reveal a quite large positive deviation from Vegard’s law with a bowing parameter b = 0.211 Å.

Keywords: germanium tin alloy, lattice constant, Vegard’s law, bowing parameter
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