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±Å�Ü7z{ (MA) (Ü�>�lf�(Eâ (SPS) ��
 Bi2S3 õ¬¬N9>á�. ïÄ
 MA L§¥Z
�=�!���mÚ��0�é Bi2S3 õ¬9>á�>DÑ5U�K�. ©Û
�¬�Ô�, *	
w�|�, ÿÁ

>DÑ5UÚ9DÑ5U. ïÄL², ±ÃY¯U���0��, �X���m�ò�, Ñy
�þ Bi2O3 1��,

�¬�¬âº�~�, >{Ç�ÌO\, õÇÏfeü. ±ZÑ���0��, �,Ø�3��z�A, �´du�
¬¥�3�þ�É, ��õÇÏfü$. 425 r/min Z� 15 h ������¬3 573 K ����� ZT � 0.25, ´8
c©z����p�.

'�c: Å�Ü7zL§, Bi2S3, 9>á�, ��z

PACS: 84.60.Rb, 72.20.−i

1 Ú ó

9>á�´�«U
��¢y9UÚ>U
�p=z�õUá�. 9>��äk(��B!
NÈ�!Æ·�!ó��¸�¦��`:, 3�
�N�e!§�u>��¡kX2��A^c
µ [1−4]. 9>5U±Ãþj9>`� ZT 5L�,

ZT = TS2σ/κ, Ù¥, T , S, σ Ú κ ©O´ýé§
Ý, Seebeck Xê, >�ÇÚ9�Ç. S2σ �¡�õ
ÇÏf, ±L�9>á��>DÑ5U [5]. 5Uû
Ð�9>á�äkp� Seebeck Xê!p�>�
ÇÚ$�9�Ç. 8cJp9>á��ÃãÌ�
k(�B�z!EÜz!$�zÚFÝz [6−10].

Áz� (Bi2Te3) á�´�«®²û�A^�9>
á�, Ù ZT > 1[11], Ì�A^u>f�e�¡.

Bi2S3 � Bi2Te3 Óáu IV-V A xzÜÔ, äkp
� Seebeck XêÚ$�9�Ç [12,13], ¦Ùk"¤�
�UO� Bi2Te3 �#.9>á�. 
� S ���
/¥´Ý (260 ppm) ��pu Te �� (0.005 ppm),

Ó5�, íd´�. Bi2S3 9>á�:I�Ñ�
¯K´Ùp�>{Ç [13], ÏL�(�N�!�
,�ÃãU
k��ü$ Bi2S3 �>{Ç. ¿�d
u Bi2S3 ��G(�, ¦�Ùäk�$�9�Ç (�
u 1 Wm−1K−1), �¬�9�ÇÓÌ� [12], ¤±J
p Bi2S3 á��9>5UAÌ�lJpÙ>DÑ
5UÚü$¬�9��¡\Ã. Zhao �ÏLÅ�
Ü7z (mechanical alloying, MA) Ú�>�lf�
( (spark plasma sintering, SPS) ��
" S ��z
ÆOþ' Bi2S3−x ¬N, ¿ÏL9â{¦Ù��z,

�ÌJp
 Bi2S3 �>�Ç, �UC
 Bi2S3 ��
>A5 [14].

·�cÏïÄ
 MA Z�ó²é1z�9>
5U�K�, uyZ�=�ÚZ��mé¬N�
9>5UK���, �Ï´Z�=�Ú�mK�
�(�¬N¥�1� , l
UC16fßÝ, K
�9>5U [15]. ���´ MA L§¥���­�
Ú½, Ï~3¥�-¥��Ïí�Ï\�í, ò�
�0�^5�ìl,��Ïí�5\, ��eZ�
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m. Tó²Ø=kÏu���[®N��zÚìà,


�N´�� [16]. �©ïÄ
���m (0—5 h),

��0� (ÃY¯U, ZÑ) é1z�¬N>DÑ
5U�K�.

2 ¢ �
±ü�� Bi ® (99.9%, 200 8), S ® (99.9%,

200 8) � � �, À � Ã Y ¯ U (99.8%) Ú Z
Ñ (99.5%) �¥�0�. ò��'� 2:3 � Bi ®
Ú S ®�uØCg¥�-¥, \\ØCg�¥, ¥
�'� 20:1. �µ�Äý�� 10 Pa �, �¥�-
¥¿\¹ 5%H2 �pX Ar í, dL§­E 3 H.

��, ò¥�-�u1(¥�Å (QM-1SP2, China)

þ, ©OÀ�=� 400 r/min Ú 425 r/min Z� 15 h

�, �¥�-¥5\ÃY¯U½ZÑ, À��½=
� 300 r/min UY�� 1 h Ú 5 h. ò®�l¥�-
¥�Ñ�3 80 ◦C8 h óZ�, �u�»� 20 mm

��$�ä¥?1 SPS �(. 3 SPS ¬ (Sumit-

omo SPS1050, Japan) ¥ 40 MPa Øå!673 K e�
§ 5min, �����¬Ná�. ¤k�¬�Z�
�m�½� 15 h, ��=��½� 300 r/min. �
¬�âZ�=�!���mÚ��0�?1?Ò.

X 400 r/min Z� 15 h �3ÃY¯U¥ 300 r/min �
� 5 h ��¬IP� 400-5-et; 425 r/min Z� 15 h

�3ZÑ¥ 300 r/min �� 1 h ��¬IP� 425-

1-ac.

ã 1 ² 400 r/min Ú 425 r/min Z� 15 h �, ±ÃY¯U���0�, Ã��ó²?n½N���ó²����c°®N (:
�) ±9éA��(¬N (¢�) �¬� XRD ãÌ,2θ �� 10◦—60◦ (a), 24◦—26◦ (b) Ú 30◦—40◦ (c)

^ X ��û� (XRD, BrukerD8, Germany) L
�
®N�¬Ú¬N�¬��(�, ^|u�×
£>º (FESEM, SUPRATM 55, Japan) *	
¬N
�¬�ä�/m, ^>{Ç/Seebeck XêÿÁX

Ú (ZEM-2 Ulvac-Riko, Japan) ÿÁ
�¬�>DÑ
5U, ^-19�¤ (NETZSCH, LFA457, Germany)

ÿÁ
�¬�9*ÑXê, ^CÄ���nÿÁ

�¬��Ý, ¿O�
9�Ç.

048401-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 048401

3 (J�?Ø
ã 1 L«©O² 400 Ú 425 r/min Z� 15 h

�, ±ÃY¯U���0�, Ã��ó²?n½N
���ó²����c°®N (:�) ±9éA
��(¬N (¢�) �¬� XRD ãÌ. éì Bi2S3

IOk¡ (PDF#17-0320), Ø² 400 r/min Z��U
Y�� 5h ��¬	, Ù¦¤k�¬þ�ü���
�¬X Bi2S3. ���mò� 5 h �, 3 35◦ �m
&ÿ�áu Bi2O3 � (PDF#45-1344) ��fû�
¸ (ã 1(c)). �®N�', ¬N�¬�û�¸�k
b, w«ÑûÐ�(¬5. Xã 1(b) ¤«, ¤kc
°®N3 24.93◦ Ñy�°�û�¸, �IOk¡¥
� (130) û�¸¸ ��. L²®N��â[�, �
� (130) Ú (130) û�¸°z!©E(J. �X¬N
�¬(¬Ý�Jp, ùü�û�¸3�(¬N�¬
¥��²w«©.

�IO (130) û�¸ (24.93◦) �', ¤k¬N
�¬�û�¸¸ þk���Ý £�ª³, Ù 

£§Ý�c°®N�Z!��ó²ëê���'.

Zhao � [14] �½ MA Ú SPS �(ó², ��
"1
� Bi2S3−x(x = 0—0.15) ¬N9>á�, uy�¬
�û�¸¸ �X x �O�¥y���Ý £ª
³, L² S " �� Bi2S3 ¬�C�. �¢�¥¬
N�¬�¬�C�(JÓ�
u S " ��. du
�Ï�(ó²�Ó, ¬N�¬¥ S " �c°®N
¹5§Ýk' [15]. Z!���m�Ó�, c°®N
�Z�=�d 400 r/min Jp� 425 r/min �, ¬N
�¬� (130) û�¸¸ ���Ý £§Ý\ì,

L²¥�=��p, c°®N¹5�, �N´3�
Ï�(L§¥3¬N�¬¥�) S " . �¥�=
��^aq, �½Z�ó², ò����m, û�¸
���Ý £§Ý\ì, `²���mÓ�K��
(¬N¥ S �" ßÝ. �´Z�=�� 425 r/min

��¬, kÃ��ó²�\, Ùû�¸ £§Ý�
Ó, L²Z�=�é Bi2S3 ¬N�¬¥ S " §Ý
�K�����mwÍ.

ã 2 ² 425 r/min Z� 15 h �, ±ÃY¯UÚZÑ���0�, �� 1 h �c°®N (:�) ±9éA��(¬N (¢�) �¬
� XRD ãÌ 10◦—60◦ (a) Ú 24◦—26◦ (b)
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ã 2 L«² 425 r/min Z� 15 h �, ©O±Ã
Y¯UÚZÑ���0�, �� 1h �c°®N (:
�) ±9éA��(¬N (¢�) �¬� XRD ãÌ.

lã¥�±wÑ¥�0�é�(�vkK�, ¤k
®NÚ¬Nþ� Bi2S3 ü�. �'IO (130) û�

¸� �, ±ÃY¯UÚZÑ���0���¬ä
k�Ó� £þ, `² S " §Ý�Z��=�Ú
�mk', ���0�Ã'. Ó�±ZÑ����
0��¬N�¬�û�¸�°, L²T¬N�¬�
¬â�u3ÃY¯U¥���¬�¬â.

ã 3 UCZ�=�!���mÚ��0����c°®N² SPS �(�¬N�¬� FESEM ä�ì¡ (a) 425 r/min Z
� 15 h; (b) 425 r/min Z� + �� 1 h; (c) 400 r/min Z� + �� 1 h; (d) 400 r/min Z� + �� 5 h; (e) 425 r/min Z� + �� 1 h

ã 3 ´UCZ�=�!���mÚ��0�
���c°®N² SPS �(�¬N�¬� FESEM

ä�ì¡. 425 r/min Z��Ã��¬N�¬�¬
âº���� 1 µm(ã 3(a)), Ñ�uÓ=�eZ
��UY3ÃY¯U¥�� 1 h �¬�¬âº
� (ã 3(b)), ²w�u 400 r/min Z�¬N�¬�
¬âº� (500(ã 3(c)) Ú 300 nm(ã 3(d))). L²
JpZ�=�²wJp
c°®N¹5, c°®
N�¹5p, �Ï�(§Ý�Ó�¬â��. '�
ã 3(a) Ú (b)!ã 3(c) Ú (d) uy, Z�=��½
�, �\��ó²½ò����mÑ��¬âC�.

`²T��ó²ØUO\®N��(¹5, �
�
3¦¬âC��Ån. �
�y��0��K�,

ò��0�dÃY¯UO��ZÑ, Xã 3(e) ¤
«, ZÑ¥���¬�¬âº�������¬�
� (ã 3(a)), ²w�u�ÓZ�=�e±ÃY¯U
���0���¬ (ã 3(b)).

¯U�©f(�¥�¹ü�`ÄÚ��àÄ,

3Å�å�p�e�U>lÑàÄ [16], 3��L
§¥ Bi2S3 �U¬�ÃY¯U>lÑ5�àÄu
)Xe��z�A:

Bi2S3 + HO− → Bi2O3 + HS−, (1)

Ï��z�A
�)��þ Bi2O3 ³�
 Bi2S3

¬â���. du Bi2O3 �¹þ4�, ¤±�k3
���m����¬¥âU
©E (ã 1(c)). Ïd
3ÃY¯U¥���, �m��¬â��. 
ZÑ
©f¥¹kü�`ÄÚ��%�V�, (��~
­½, ØU>lÑ¹5Äì, vk�Uu)��z.

�����¬�', ZÑ¥���¬N�¬�¬
âº�Ñ�. L²3vu)��z��¹e, ZÑ
¥ 300 r/min �� 1 h E,éc°®Nk�½§Ý
�¹z�^. �´, du�
ZÑkÅ,�í33
®N¥, Ù3�Ï SPS �(L§¥��u��T¬
N�¬Ñy
�õ�É (ã 3(e)).

ã 4 ´UCZ�=�!���mÚ��0
����c°®N² SPS �(���¬N�¬
�>DÑ5U�§ÝCz�'Xã. Xã 4(a) ¤
«, ¤k�¬�>{Ç�§Ý,p
ü$, ¥y�
�N�>A�. 425 r/min Z��Ã��¬N�¬
�>{Ç (573 K) � 4.89 × 10−4 Ωm, �uÓ=�
eZ��UY���¬�>{Ç (8.54 × 10−4Ωm

Ú 1.14 × 10−4 Ωm, ©O±ÃY¯UÚZÑ��
�0�), ²w�u 400 r/min Z�¬N�¬�>{
Ç (1.01× 10−3 Ωm Ú 2.5× 10−3 Ωm, ©O�� 1 h
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Ú 5 h). ���m�á�¬�>{Ç�$, L²�
\��ó²éü$>{ÇØ|. 3ÃY¯U¥�
��, ��¡c°®N¥/¤� Bi2O3 g�>{Ç
é� (107—108 Ωm)[17], ,��¡ Bi2O3 ©Ñ3¬
.?, ³�
¬â���¿é16f�)rÑ�,

�\��½ò��mÑ��¬N�¬�>{Çþ
,. 3ZÑ¥���, �,Ø�3��z, du¬

N¥�3í�, �$��é�Ý (93%) ¦Ù>{Ç
,p, 3 323—573 K � 3.9×10−3—1.1×10−3 Ωm.

��ó²���Ó, Z�=�d 400 r/min Jp
� 425 r/min �, �¬�>{Ç²weü. L²�p
�¥�=�¦¬N¥�)�õ� S � , Jp

16fßÝ [15], � X ��û�¸¸  £(J�
� (ã 1(b)).

ã 4 UCZ�=�!���mÚ��0����c°®N² SPS �(���¬N�¬�>DÑ5U�§ÝCz�'Xã

Xã 4(b) ¤«, ¤k�¬� Seebeck Xêþ�
K�, L²¤��� Bi2S3 ¬N� n .��N, Ì�
16f´>f. Seebeck Xê�ýé��§Ý�O
\
~�, ù´du9-uE¤�6fßÝO\¤
�. Seebeck Xê�Ñ�Ïf¤�'�16fßÝ
¤�', �L«� [18]

α =
κ

e
(γ − ln(n/N0)), (2)

Ù¥, α, κ, e, γ, n Ú N0 ©O´ Seebeck Xê, Å
�[ù~ê, d>f, Ñ�Ïf, 16fßÝÚCÏ
³�Û~ê. 3ÃY¯U¥���, pZ�=�¼
��c°®N�(¹5�p, ¬N�¬¬âº��
� (ã 5(a) Ú (b)), Ñ�Ïf��; Ó�p�Z�=
�¦¬N�¬¥�)
�õ� S � , 16fßÝ
�p; ÏdZ�=� 425 r/min �' 400 r/min ¤�

��¬N�¬� Seebeck Xêýé�C�. Z�ó
²�Ó�, �X���m�ò�, ¬N¥Ï��z
�)� Bi2O3 ¹þOõ, 1���O\¦Ñ�Ïf
�ÌO\, 16fßÝÏ��L§¥�¹z�^C
f, Ïd Seebeck Xêýé�,p; ¿§e 425 r/min

Z�������� 1 h, 400 r/min Z���� 1 h

Ú 5 h �¬� Seebeck Xê�©O� −433 µVK−1,

−447 µVK−1, −478 µVK−1 Ú −489 µVK−1. 3Z
Ñ¥���, �¬�,Ø�3��z, du��ó
²�¹z�^Jp
16fßÝ, Ó�Ï��þ�
É��3��Ñ�ÏfO\, ¿§� Seebeck Xê
�� −481 µVK−1.

ã 4(c) ´õÇÏf�§ÝCz'Xã. ¤k�
¬�õÇÏf�§Ý�O\
O\. 3ÃY¯U¥
���, Z�=��JpO\
®N��(¹5,
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Ó�O\
 S � ?
Jp
16fßÝ, `z

>DÑ5U, 425 r/min Z���¬�õÇÏf�
u 400 r/min Z���¬. �½Z�ó²��X�
��m�ò�, �¬�õÇÏfeü, ù´du�
�z�)
��>5Ueü� Bi2O3. ����¬
3 573 K �����õÇÏf 256 µWm−1K−2, ´
��,1z�NX��p� [14]. 3ZÑ¥���
�¬, du¬N¥�3í�, �é�Ý�$, >DÑ
5U�z, õÇÏf=� 134 µWm−1K−2.

ã 5 UCZ�=�!���mÚ��0����c°®N
² SPS �(���¬N�¬�9�Ç (a) 9 ZT � (b) �§
ÝCz�'Xã

ã 5 ´UCZ�=�!���mÚ��0�
���c°®N² SPS �(���¬N�¬�9
�Ç9 ZT ��§ÝCz�'Xã. Xã 5(a) ¤«,

¤k�¬�9�Ç�XÿÁ§Ý�O\þ²wü
$, L² Bi2S3 �9�Ç±¬�9��Ì�, �Xÿ
Á§Ý�O\, ¬�9�Ä\ì, ��¬�9�Ç
�Ìü$. du 425 r/min Z���¬äk�p�
16fßÝ916f[£ÇJp
16f9�Ç,

Ù9�Ç²wpu 400 r/min Z��¬. 425 r/min

Z�������¬3ÿÁ§Ý��SÙ9�Ç
�� (0.59—0.87 Wm−1K−1), pu 425 r/min Z�
�UY3ÃY¯U¥�� 1 h ��¬, ù´du
3ÃY¯U¥����)��þ Bi2O3 é(f�
)
Ñ��^. Ó�3 400rpm Z��3ÃY¯U
¥���m��, �¬�9�Ç�$, �� 15 h �
�¬3ÿÁ§Ý��Säk�$�9�Ç 0.54—

0.69 Wm−1K−1. 425 r/min Z��3ZÑ¥�� 1 h

�¬�9�Ç�u3Óó²eÃY¯U¥���
�¬, �Ï´3ZÑ¥����¬�,vku)�
�z, ��¬¥�3í�, �$��é�Ý¤�.

ã 5(b) ´ Bi2S3 ¬N�¬� ZT ��§ÝC
z'Xã. �X§Ý�,p, ¤k�¬� ZT �
ÑÅìO�. 425 r/min Z��¬� ZT �²wp
u 400 r/min Z���¬, �ÓZ�=�e, ���
m�á��¬äk��� ZT �. 3ZÑ¥���
¬� ZT �²w�uÓó²eÃY¯U¥����
¬. 425 r/min Z� 15 h �����¬3 573 K ��
��� ZT � 0.25, ´8c Bi2S3 NX��p�.

4 ( Ø

æ^Å�Ü7z{(Ü�>�lf�(Eâ,

��
��� n .õ¬ Bi2S3 ¬N9>á�. ïÄ
uyZ�ó²é¬N>Ñ$5U�K�wÍu�
�ó², �Ï´Z�L§U
K�¬N¥� S " 
¹þ. �Ó�Z�ó²e, ±ÃY¯U���0�
�, �3��z, ���m��, ��z�î­, �
�>{Ç��ÌO\, õÇÏfü$. ±ZÑ��
�0��, Ø�3��z, �du�(��)�í
���Ù>5U�z. 3 Bi2S3 �9�Ç¥, ¬�
9�ÇÓÌ�/ . �Ó��0�¥, �¬�9�
Ç�XZ�=��O\
O\, �ÓZ�=�e,

�X���m�ò�
~�. ² 425 r/min Z� 15 h

�����¬3 573 K ����� ZT � 0.25, ´
8c1z�NX��p�.
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Abstract

Bismuth sulfide (Bi2S3) polycrystalline bulks are fabricated by spark plasma sintering (SPS) combined with a mechanical alloying

(MA) process. The electrical transport properties are investigated with a special emphasis on dry-milling speed, wet-milling time and

mediums in MA process. The phase structure, the microstructure, and the electrical/thermal transport properties for the bulk samples

are measured. The results suggest that the second Bi2O3 phase is formed because of the micro-oxidation when the wet medium is fixed

to absolute ethyl alcohol, which refines the grain sizes and affects electrical transport properties of the bulk samples. Prolonging the

wet-milling time in absolute ethyl alcohol causes the increase of resistivity and the decrease of the power factor. The electrical transport

properties degrade due to the porous microstructure in bulk samples even without oxidization as the acetone is used as a milling medium.

The largest ZT value 0.25 is obtained at 573 K for the samples dry-milled under 425 r/min for 15 h without wet-milling, which is the

highest value in the reported values so far.
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