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1 Ú ó

�ÅÛ�½öáÅá�´�ÏL0>µþ!
µ6½ö^¢�Ñ�á�A5ò\�>^Å�>
^U=z¤9UÑÑK�á� [1,2]. §���dÄ
Ná�ÚáÂJüÜ©|¤,áÂJá�Ì�©�
^5Ú0>.ü�a. ^5áÂJé\�>^Å
�Uþ�Ñ±µ6�Ñ!^¢�ÑÚ�{�ÑÅ
��Ì, 
0>.áÂJ�Uþ�Ñ±>��Ñ!
0>4zµþ�Å��Ì [3,4]. du�Ü©^5á
ÂJXc�N!ãÄc®��Øp§Ý�$, 3
p§e¬��^5, Ô�áÅ5U. Ïd, éup§
�¸e��Å�Ñ,L¦^0>.��ÅáÂJá
� [5−7]. SiC ´��Fp§!õªã0>.áÂJ
��ZÿÀá�, XJ�OÜn, SiCáÂJU
÷
v��!��!°ªáÂ�p�¦, kXéÐ�A
^cµ [8,9].

�´, X SiC A�Øä��Å�Ñ5U, éÙ?
1 n.½ö p.�,��±²w/Uõ�Å0>5
U. Zhao � [10] ±8`Ä�7X� ([Si(CH3)3]2NH)
���, |^-1p�í��A{¤õ/��
 N

�,�B� SiC/N ®NáÂJ, TáÂJ3 8.2—
18 GHz ��w«
�Ð��Å0>�Ñ5U.
Zhang � [11,12] �@/ïÄ
 p. Al �,éu SiC
áÂJ�Å0>5U�K�, ¦�æ^M�-v�{
��
 Al �,� SiC B�áÂJ, uy Al �,�

ü$
 SiC 3 4—18 GHz ����Å0>5U.
�dØÓ, �C Jin � [13] |^�ÅÜ¤{���

 Al �,� SiCáÂJ, ¢y
 Al �,é SiCá
ÂJ�Å0>5U�Jp. �
?�Ú@£ Al �
,é SiCáÂJ�Å0>5U�K�Ú�^Å�,
�©æ^Äu�Ý�¼nØ�1�5�n�{, X
Ú/O�©Û
 Al �, 3C-SiC á��>f(�
9Ù0>5U. ¿æ^-�Ü¤{��
á�(�
� Al �, SiCáÂJ, �O�(J?1
'�. �
�éÙ�Å�ÑÅn?1
&?.

2 O��{Ú¢�

2.1 �.�ïÚO��{

3C-SiC ä k á � � � ð ¶ ( �, � m +
� F

−
4 3m, T(�¥z� Si �f!C �f��
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o�É«�f¤��, ¬�~ê a = 0.4358 nm. �
©æ� 3C-SiC �ü¬�Xã 1(a) ¤«, ��¹ 8
��f. 3ÙÄ¥ a, b, c ��þ©O*Ð
��ü

 �� Al �, 3C-SiC ��¬�, Xã 1(b) ¤«,
Al �,ßÝ� 6.25 at.%, ©O��º:ÚN% �
� Si �f.

ã 1 (a) 3C-SiC �ü¬�; (b) 2 � Al O� 2 � Si � 3C-SiC �¬� (2×2×2)

�©æ ^ Materials Studio 5.5 ^ � � ¥
� CASTEP ^�?1O�, O�¥æ^2ÂFÝ
Cq (GGA) � PBE 5?n>fm���'éU,
>fÅ¼êKÏL²¡ÅÄ¥|Ðm, æ^�^
�³ (ultrasoft pseudopotential) 5£ãlf¢�d
>f�m��p�^³ [14], À� Si, C, Al �f�
d>f|�©O� 3s23p2, 2s22p2 Ú 3s23p1. 3 k

�m¥, ÏL²¡Å�äU�ÀJ5UC²¡Å
Ä¥l
��O��°Ý, æ^�²¡Å�äU
� 380 eV, Ùp�« k ¥�À�� 3×3×3, gUÂ
ñ°Ý� 1.0×10−6 eV/atom.

2.2 Al �, SiC ®NáÂJ���Ú�
Å0>5UÿÁ

±7® (XÝ 99%, D50 620 µm) Ú(ç (ó
�X, 30—40 nm) ���, æ^ Al ® (XÝ 99%,
75 µm)��,J, àoÍ¯L (PTFE, XÝ 99.99%,
75 µm) �zÆ¹5V\J, U Al ���,ßÝ
� 0 at.%Ú 6.0 at.%, = nSi : nC = 1 : 1 Ú nAl : nSi :
nC = 0.06 : 0.94 : 1 ©O¡þÑ Al ®!7®Ú(
ç, \\�þ©ê� 15%� PTFE, ±ÃY¯U�0
�¥� 6 h þ!·Ü. óZ�C\�$l�S, �u
�$>{�(¬¥, Äý��¿\ 0.1 MPa ��í
��Ï-í¨, 3 1250 ◦C �§Ýý9Úu�A·
ÜÔ�-��A, ��áÂJ®N�Ô.

|^ X ��û�¤ (XRD, PANalytical X’Pert

PRO MPD, CuK α) ©Û¤Ü¤áÂJ�Ô�. |^
¥þ�ä©Û¤ (Agilent Technologies E8362B) é
áÂJ3 8.2—12.4 GHz ªÇ��S�0>~ê?
1ÿÁ. ÿÁ�¬dáÂJ®NÚ$0>�Ñ��
0|¤ (�þ' MáÂJ : M�0 = 20 : 80), òáÂ
J®Nþ!©Ñ3LK��0¥, ,��Ò�Ô�
{=¥��º�� 10.16 mm×22.86 mm×2.0 mm
�ÿÁ�¬.

3 (J�?Ø

3.1 U�(�Ú��Ý

ã 2 �÷Ùp�«pé¡:O����,
Ú 6.25 at.% Al �, 3C-SiC �U�(�. lã 2(a)
�±wÑ, ��, 3C-SiC �d�º un­{¿
� G :, ��. u X :, áum��Y��N,
�Y°Ý Eg � 1.391 eV, � Santos Ú Miwa[15] �
O�(J 1.32 eV �C, �´$u¢�� 2.42 eV, ù
´du32ÂFÝCq¥-u�>fm�'é�
^�$�, ¦�B�°Ý�O��$u¢�� [16].

���, 3C-SiC �U�(��', Al �,
� Fermi U??\d�«, Xã 2(b) ¤«, L² SiC
¤� p.�,���Ná�. U�(�¥�U?ê
��Oõ, UY°ÝÑ�O� (Eg = 1.394 eV), ù
�Ü���O�(J�� [17].

ã 3(a) ���, 3C-SiC ���Ý­�, lã
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¥�±wÑ, 3C-SiC d��$UÜ© (–15.5— –
10.0 eV) Ì�5
u C � 2s �±9 Si � 3s Ú 3p
�, d�pUÜ© (–8.7—0.0 eV) Ì�5
u C
� 2p �±9 Si � 3s Ú 3p �; Ù��Ì�5g
u Si � 3p �ÚÜ© C � 2p �. Fermi U?NC
�d�ºd C � 2p �Ú Si � 3p �Óâ, 
��
.d Si � 3p �Óâ. Al �,�, ��Ý­�Cz
Xã 3(b) ¤«. �'u��, 3C-SiC, Al �, SiC

d�ºNC���Ýd C � 2p �!Si � 3p �
Ú Al � 3p �|¤, d�º?\
 Al � 3p �Ú C
� 2p �, �pU«£Ä
� 0.352 eV, Fermi U?
?\d�º. Ù��.C�Ì�d Si � 3p �Ú Al
� 3p �Óâ, �pUà£Ä
 0.355 eV, ¦� Al �
, 3C-SiC �UY°ÝÑ�O\. �´, Al �,w,
¦�d�¥�16f�ßÝO�, Or
 SiC �>
�Ç σ.

ã 2 (a)��, 3C-SiC �U�(�; (b) 6.25 at.%Al �, 3C-SiC �U�(�

ã 3 o��ÝÚ©Å��Ý (a)��, 3C-SiC; (b) 6.25 at.%Al �, 3C-SiC

3.2 0>~êO�(J

ã 4 © O ´ > f ( � O � ��� , Ú
6.25 at.% Al �, 3C-SiC 0>~ê¢Ü ε′ ÚJ
Ü ε′′ �UþCz�­�. lã¥�±wÑ, 3Uþ
�$�, ��, SiC �0>~ê¢Ü ε′ �� 7.14,
0>~êJÜ ε′′ ��~$, �� 0.17. �'�e, Al
�, SiC �0>~ê¢Ü ε′ ÚJÜ ε′′ ©O3 0—

0.50 eV «mÚ 0—2.30 eV «m, þ'��, SiC �
ê��, cÙ´3'5� 8.2—12.4 GHz ªÇ��
= 3.39×10−5—5.13×10−5 eV Uþ��, Al �,é
u SiC á��0>~êk�ÌÝ�Jp�^, ¿ä
kÐ°áÂª�¤Ï"�ª�A5 (�E0>~ê
U
�XªÇ�,p
ü$�A5). d	, ε′ Ú ε′′

3 0.50—8.70 eV Ú 6.05—20.03 eV «m%©O�
u��,��ê�.
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ã 4 ��,Ú Al �, 3C-SiC �0>~ê�Uþ�'X­� (a) 0>~ê¢Ü ε′; (b) 0>~êJÜ ε′′

3�C	|�^e, 0>~ê´ªÇ ω �¼
ê, L«�

ε(ω) = ε′(ω) − jε′′(ω), (1)

Ù¥, ¢Ü ε′ L«;�>^U�Uå,JÜ ε′′ L«
�Ñ>^U�Uå. 3�½��ÅªÇ��S, 0
>~êJÜ�L«� [18]

ε′′ = σdc/ωε0 + ε′′ac, (2)

ùp, σdc ��6>�Ç, ε0 �ý�0>~ê, εac

�pª��0>�Ñ�z. l (2) ª��, é SiC
?1 Al �,O\>�Ç9�)�16f3pª
e��Ñ�zéJpÙ3�Å��S�0>�Ñ
5U´k|�, Ïd, Al �,��
 SiC 3 8.2—
12.4 GHz ��p�0>~ê¢Ü ε′ ÚJÜ ε′′.

3.3 SiC ®NáÂJ� XRD Ô�©ÛÚ
�Å0>5U

�
�y Al �,Jp SiC�Å0>5U�n
ØO�(J, ·�æ^-�Ü¤{, ��
��,
Ú 6.0 at.% Al �,� SiC ®NáÂJ, Ù XRD ÌX

ã 5 ¤«. �±wÑ, 3�¢�^�e,��,Ú Al
�,Ü¤�¬þäk�X� 3C-SiC ¡%á��(
�. � Al �,þ� 6.0 at.%�, -��Ô¥�Ñy
?Û¹ Al �,��. ù´du Al �fäkÚ SiC
¬N¥ Si �f�C��d�»Ú>K5±9 Al �
f3 SiC ¬� Si  þ�$��ÜU (2.39 eV)[19],
3 - � Ü ¤ � p �§Ý e, Al � f � ´ ?

ã 5 ØÓ Al �,þ®N� XRD ãÌ

ã 6 ��,Ú Al �, SiCáÂJ�¬0>~ê�ªÇ�'X­� (a) 0>~ê¢Ü ε′; (b) 0>~êJÜ ε′′
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\ SiC ¬�¥O� Si �f/¤O ª p.�,�
MN Al-SiC.

ã 6 ©O´��,Ú 6.0 at.% Al �, 3C-SiC
®N�0>~ê¢Ü ε′!JÜ ε′′ �ªÇ�'X­
�. �±wÑ, 3 8.2—12.4 GHz �ªÇ��, �'
u��,�¬, Al �,�¬�0>~ê¢Ü ε′ Ú
JÜ ε′′ þ²w/O�, ¿ä�ª�A5, Ù²þ�
©O� 9.95 Ú 3.48, éÐ/�y
 Al �,Jp SiC
á�0>~ê�nØO�(J. du SiC ¬�¥ Al
�O �,, 3:"� AlSi NC¬fåP���
Ç, 3�C	|�^e, T�Ç¬Øä/ E$Ä
�)>fªtµ4zÚ�Ñ [20]; 
� Al �,Ú
å SiC ¬N¥16fßÝ�O\, Or
 SiC �>
�Ç, O\
�C	|e�>��Ñ. Ï
¦� Al
�,�¬ä��p� ε′ Ú ε′′ �, ý«
Ù3�Å
�Ñá�+���½A^5.

4 ( Ø

æ^Äu�Ý�¼nØ�1�5�n²¡Å
�^�³{, é'ïÄ
��,Ú Al �, 3C-SiC
á��>f(�9Ù0>~ê. (JL², Al �,
� Fermi U??\d�«, ¦� SiC ¤� p.�,
���Ná�, UY°ÝÑ�\° (Eg = 1.394 eV).
3$Uþ«m, Al �, 3C-SiC á��0>~ê¢
Ü ε′ ÚJÜ ε′′ ��ÌÝ/Jp, ¿ä��½�ª
�A5. q|^-�Ü¤{, ¤õ��
 p. Al �
,� 3C-SiC ®NáÂJ, éÙ3 8.2—12.4 GHz �
�S�0>~ê?1
ÿÁ, (JL², �'u�
�,�¬, Al �, SiC �¬�0>~ê¢Ü ε′ ÚJ
Ü ε′′ þ²w/O�, Ù²þ�©O� 9.95 Ú 3.48,
éÐ/�y
 Al �,Jp SiC á�0>5U�n
ØO�(J.
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Abstract
The electronic structure and permittivity of Al-doped 3C-SiC are studied by using the first principles plane-wave pseudopotential

method based on the density functional theory, and compared with those of undoped 3C-SiC. Results show that the Fermi energy
level introduced into valence band and band gap is slightly widened through Al doping for 3C-SiC, and that the permittivity is greatly
improved in a frequency range of 8.2–12.4 GHz. Al doped 3C-SiC powder absorber is prepared by combustion synthesis, and the
permittivities of the samples are measured in the frequency range of 8.2–12.4 GHz by vector network analyzer, which validates the
results of theoretical calculation. The mechanism of microwave loss is discussed.

Keywords: Al-doped SiC, first principles, band structure, dielectric property
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