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æ^ý5íN�o�u - ev{��
B� Bi 9 Te ®", (ÜÅ�Ü7zÚ�>�lf�(Eâ, 3ØÓ�
(§Ýe��Ñ
ü�Ô��äkB��G(�9Ì¬æ(�� n . Bi2Te3 ¬Ná�, ¿XÚïÄ
¬Ná��
¬âºÝ!�(�9Ùé>9DÑA5�K�. SEM, TEM ©Û(JL², ±B�®"���, ÏLk���ó²^
�, �±��ÑäkB��G(� Bi2Te3 Ü7¬Ná�, Ó�B��G(�¥�3Ì¬æ(�; 9>5UÿÁ(J
L², äkB��G(�9Ì¬æ(��¬NÁ��o¬á��', 9�Ç�ÌÝü$, 3 423 K NC, 9�Çdo
¬á�� 1.80 W/mK ü� 1.19 W/mK, ¬�9�Çl 1.16 W/mK ü� 0.61 W/mK, L²B��G(��Ì¬æ(�
��, k|u?�ÚJp(fÑ�, ü$¬�9�Ç. Ù¥3 693 K �>�lf�(��Á�u 423K NC����
��Ãþj9>`� (ZT), �� 0.74.

'�c: Áz�Ü7, ºÝ�A, 9�Ç, 9>5U

PACS: 72.15.Eb, 72.15.−v, 73.22.−f, 65.80.+n

1 Ú ó

9>á�´�«ÉÚUá�, Ì�^u��
Uu>!ó�{¢9u>!��#UÚ�e�
�¡. dÙ���9>=�ì�äkÃ�Ä!ÃD
(!Ã�¦!NÈ�!þ�!é�¸Ã?ÛÀ
/�`:, �2�A^u�^u>Å!ð��íu
>Å!ó�¢ (í) 9u>�+�, ´�a4äA^
då��¸lÐUá� [1−4]. 9>á�5UÏ
~^Ãþj9>`� ZT 5L�: ZT= (α2σ/κ)T ,

ª¥. α ´l��Xê, σ ´>�Ç, κ ´9�Ç, T

´¦^§Ý. �¼�p�9>=��Ç, �¦á�
� ZT ��, Ïd¢SA^�9>á��äk��
l��Xê!p�>�Ç9$�9�Ç. Bi2Te3 Ä
9>á�´¿§e5U�Ð�9>á� [5], �´ï
Ä�@�9>á���, �Ù�� ZT �E��þ
}3 1 �m, �á��Å�5U�, Ø|uá�
�\óÚì���� [2]. XU?�Ú`z Bi2Te3

Ä9>á�>5UÚJpÅ�5U7ò*�ÙA

^���Ú+�.

nØÚ¢�Ñ®y²á�(��B�z´J
pá�9>5U�k�å»��. Cc5, 3õ¬
Áz�Ä¬N9>á�(�B�z�¡�ïÄ�
�
â»5�?Ð, Zhao � [6] ÏLY9{��

²þâ»� 15—20 nm �B��â, ¿���
�
Ý� 10 µm, �»�u 100 nm � Bi2Te3 B�+, ò
TB�+��V\J·Ü�Lõ� Bi2Te3 Äá�
¥/¤B�EÜ(�, ¦á���p ZT ��� 1.2.

Tang � [5,7] æ^LKQ�Ú�>�lf�(�(
Ü��{��
äk�GB�(�� p . Bi2Te3

Ú n . (Bi0.85Sb0.15)2(Te1−xSex)3 ¬N9>á�,

á���p ZT �©O�� 1.35 Ú 0.96. ±þïÄ
(JL²(�B�z´UõÁz�Äõ¬¬N9
>á�5U�k��{, �'uÁz�Ä¬N9>
á�(��B�zéÙ>fU�(�!9>5U
�K�5Æÿ����. 3cÏó�Ä:þ, |^
�>�lf�( (spark plasma sintering, SPS) Eâ
äkL¡¹z�^, �¯�¢y��z [8], 3��
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$L:!¹k�u5��� Bi2Te3 ÄÜ7�ÕA
`³, ��±Jpá��Å�5U. �ïÄæ^
ý5íN�o�u - ev�Å�Ü7z9�>�l
f�(�(Ü�#ó²��¬âº���!äk
B�(��Áz�¬Ná�, ¿XÚïÄ¬âºÝ
é>9Ñ$A5�K�5Æ.

2 ¢��{

±XÝ� 99.9%(�þ©ê, wt%) ��¼9X
Ý 99.99%(�þ©ê, wt%) �Á¼ (	g�®gc
ïÄo�) �å©��, k^ý5íN�u - ev
{ (g�7áB�®��¬) ©O��ÑB� Bi,

Te ®", ��3pX�í (�¹þ�u 0.5 ppm)

�o�Ã@�¥ò��Ñ� Bi ®9 Te ®U�
�' 2:3 ¡�, �\ WC ¥�-¥�µ�?1Å
�Ü7z. ¥�Å=�� 400 r/min, ¥��þ'
� 20:1, ¥��m� 3 h. ,�ò���®NC
\. φ20 × 40 ��$�ä?1 SPS �(, SPS �
(^�´: �(§Ý©O� 663—723 K, �§ 5—

10 min, �(9�§�Øåð½� 30 MPa, �(í
¨: ý�. /Ï X ��û�{ (DMAX- 0 B ., Cu

Kα ��Å� λ = 1.54056 Å) (½Á��Ô�|
¤, FEI NANOSEM 200 .×£>fw�º (SEM)

Ú Rigaku TECNAI 20 .ß�>º (TEM) *	
�
*|��m. >�Ç σ ^IOoàf{ (F� UL-

VAC ZEM-2) 3±íí¨eÿ½. 3 30—40 K �§
� ∆T e, ÿ½Á��§�9>Ä³ ∆E, l��X
ê. α �â ∆E-∆T �ã����Ç(½. Á��

'9N (CP) Ú*ÑXê λ ^-1�6{ (F� UL-

VAC TC-7000) uý�eÿ½, 9�Ç κ �â¢ÿ
�'9N CP, *ÑXê λ 9�Ý d, ^ κ = CPλd

O���.

3 ¢�(J

3.1 BBB��� Bi ®®®ÚÚÚ Te ®®®���������

3ýí�o�u – ev��B�®NL§¥,

®"�â»É�nNí¨Øå!ó�>6!ó�
>Ø!í¨«a�Ï�K�, Ù¥�A§ÝÚ�
AÔ�L�ÚÝ´K�¤Ø�Ç�Ì�Ï�, ¤
±ÏLk���ó²ëê�±¢y®"â»�N
� [9]. 3��B� Bi ®"L§¥, À^pX�í
��ó�í¨, ¿íØå� 5—30 kPa, ó�>6ð
½� 150 A. ��®"â»3 30—100 nm. 3��
B� Te ®"�, 3�Ó�ó�í¨e, �>6ð½
� 50 A �, ®"â»3 50—100 nm. ã 1 �Ñ

ü«B�®"�ß�ì¡, lã¥�±wÑdý
5íN�u - ev{���B� Bi(ã 1(a)) ®"
Ú Te(ã 1(b)) ®"Ä�¥¥/. ù´Ï�\1�6
>�, ü>4�m/¤½�>l, >l�m�
§Ý²w,p, ò���7áá�\9¦�Ü©C
¤LK���7á, 3�p�§Ýe, LK���
7ám©ízC�7á�í. 7á�í�é6�ý
5íN¥��fu)-E, ÅìÔ�ÄU, p�L
�Ú�ídd�), ùÒ��
7áâf�þ�
/Ø – ü©ÑØÛÑ.

50 nm 100 nm

(a) (b)

ã 1 B�®"� TEM ì¡ (a) Bi B�®"; (b) Te B�®"
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3.2 ÔÔÔ���|||¤¤¤ÚÚÚ���***(((���

ã 2 �Ñ
B� Bi, Te ®"²Ü7z�±93
ØÓ§Ýe SPS �(¬N� X ��û�ã. lã
¥�±wÑ, MA ��®"9�(��¬Nþdü
� Bi2Te3 �|¤. ��(Á��û�¸� MA ®
N�û�¸/kb, ��X�(§Ý�,p, û�
¸rÝO\. ùL²�(§Ý�Jpk|uá��
¬â��Ú�A?�Ú��.

ã 3(a), (b) © O � Ñ 
 æ ^ B � Bi, Te ®
" MA �3 693 K SPS ¬NÁ�±9æ^âÝ
� 100 8� Bi, Te ®"±�Ó���ó²�(Á
��ä� SEM ì¡. lã¥�±wÑæ^B�®
"�����(¬N��âºÝ�o¬®"��
��(¬Nk
²w�[z. 3*	ØÓ§Ýe�
(Á��|�(���uy, �X�(§Ý,p,

��z§Ý?�ÚJp (CÄ��{ÿÁ�é�
Ý: 663 K �(, 85.8%; 693K �(, 97.8%; 723 K �
(, 98.1% ). ÏLéã 3 (b) ¥��¡G|�?�Ú
��*	, �±*	�T�¡G|�S´d�þ�

� 70—90 nm �B��Gæ(�|��¤, �B�
�G(�|�3R�u SPS Øå�� õ, ù�y
²3 SPS L§k|u/¤ÛÜJ`��|�(�.

¿�, B��G|�(��±Jp¡S>�Ç, O
�¡m>{, ü$¡m9�Ç, lk|uJp�
(Á��9>5U.
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ã 2 MA 3 h �®N9 SPS ¬N� X ��û�ãÌ

5 um 5 um 5 um

(a) (b) (c)

ã 3 Ü7z®" SPS �¬N� SEM ì¡ (a) B�®"�Ð©��; (b) 100 8o®���; (c) �¡(��ÛÜ��

ã 4 B���Ü7z� SPS �(Á�� TEM ì¡

ã 4 �Ñ�´3 693 K �(Á�� TEM ì¡
²|�, lã¥�±*	�â»�� 40—100 nm

�m�¬â, Ó���±uy3�(Á�¥äk;
.�Ì¬)�æ(�, ù´du Bi2Te3 �8¡N�
G(�, ¿�Ùé¡5�$, �5/C¥�w£Ø
´?1, ¤±Ì)ÒLy��5/C�Ì��ª.

Å�Ü7zL§¥�E��5C/ÚeÅL§¬
3¬âSÜOÈ�þ�Aå. 3�>�lf�(L
§¥, ��¡,§�Ý�¯, ��¬âSÜ�)9
Aå; ,	3�(L§¥, Øå��\¬��¬â
SÜ,
¬¡u) �. 3AåÚØå��Ó�^
e, ¬âSÜ/¤r��Aå|, ¦,
¬¡�)
� , �¦Ì¬æ(�Ñy.
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3.3 999>>>555UUU

3.3.1 >Ñ$A5
�
ïÄ¬âºÝé9>DÑA5�K�, 3

9>5U(J¥Ó��Ñ
æ^o¬��3 693 K

SPS �(�¬Ná� (±e{¡ “o¬Á�”) �9
>5U�§Ý�'X. ã 5 �Ñ
3ØÓ§Ý SPS

�(�¬NÁ��>{Ç�§Ý�'X, lã¥
�±wÑ, ¤kÁ��>{Çþ�§Ý�,pO
\, ¥²w�7áDÑA5. �o¬¬N�', B
�®Ü¤�äkB�(��¬NÁ�äk���
>{Ç, ù�U´du¬â�[z¦¬.O\, 1
6f;�Ñ��VÇ���O\, l¦16f�
²þgd§!²þgd�m±9²þ$Ä�Ýe
ü, ��>{Ç,p. �(§Ý� 663 K �, >
{Ç'�p, �U´d�(§ÝL$, Ù¬zØ�
�Ú�(Ø��¤Úå. ©¥�����>{Ç
�pu©z���æ^«�LõÚ SPS �(��
� n . Bi-Se-Te Ü7, ùÌ�´Ï��ïÄ±B�
®"���, (Ü MA Ú SPS ���¬N�¬âº
Ý (1 µm) ���u©z� 100 µm[10], [�¬âÚ
\��þ¬.±9B��Gæ(�ÚÌ¬|�O
\
á��>{Ç.
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ã 5 �(Á��>{Ç�§Ý�'X

ã 6 � Ñ 
 3 Ø Ó § Ý SPS � ( � Á �
� Seebeck Xê α �§Ý�'X. lã¥�±w
Ñ, ¤k�¬� Seebeck Xêþ�K�, L²¥ n .
>D�A5. ¤k�¬� Seebeck Xê�Czª
³þ�Ó, =�XÿÁ§Ý�JpÙýé�ØäO
\, �ÿÁ§Ý� 423 K NC�����, ��
XÿÁ§Ý�?�ÚJp Seebeck XêqÅìe
ü. ù´Ï� Bi2Te3 á��Ä���N, ÙUY�

�, 3ÿÁ§Ý� 423 K �u)
��-u¦�1
6fßÝO\, l��
 Seebeck Xê�~�. �
�(§Ýl 663 K Jp� 723 K �, Seebeck XêÅ
ìO�, 3 423 K ¼�
���, �� −163 µV/K.

lã¥��±wÑ, o¬Á�� Seebeck Xê�
ýé��$uÙ¦Á�, ù´duÙ¬âºÝ�,

¬âm�Ñ��^~f, Ñ�Ïf~�. á�
� Seebeck Xê´dÑ�ÏfÚ16fßÝ�Óû
½ [11], = α ≈ γ − lnnc, Ù¥ γ �Ñ�Ïf, nc �
16fßÝ. ¤±Ñ�Ïf�~�¬�� Seebeck

Xê�ýé�~�.
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ã 6 �(Á�� Seebeck Xê�§Ý�'X

3.3.2 9D�A5
�
?Ø�(Á��¬âºÝé(fÑ�9

¬�9�Ç�K�, æ^ Wiedemann-Franz ½Æ,

= κ e = LσT (L �âÔ[~ê, σ �>�Ç, T �
ýé§Ý) ��
9�Ç�16fÜ©, âÔ[
~ê L �â©z [10] � 2 × 10−8V2/K2. 9�Ç
Ú>�Ç^¢ÿêâ, Bi2Te3 Ü7Á��¬�9
�Ç κL ´l¢ÿ�9�Ç κ ¥~�16f9�
Ç κ e ��. ã 7 �Ñ
3ØÓ§Ý�(�Á�
�9�Ç κ 9¬�9�Ç κL �§Ý�'X. d
ã��, o¬¬NÁ��9�Ç�²w$uäk
B�(�¬NÁ��9�Ç. ± 693 K �(¬N
�~, 3ÿÁ§Ý 423 K NC�, 9�Çdo¬
á�� 1.80 W/mK ü� 1.19 W/mK, ¬�9�Ç
l 1.16 W/mK ü� 0.61 W/mK. ù�U´du¬â
º��~�¦�¬â>.�þO\, lOr
(
f�Ñ�, ü$
9�Ç. �, 3B��G(�S
ÜÓ��3�Ì¬æ(�, �k|u?�ÚJp(
fÑ�, ü$¬�9�Ç. ©¥����$¬�9
�Ç�$u©z [10] ����, ùÌ�´du�ï
Ä¤���¬Ná�äk¬âºÝ�, �¹kB�
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�G(�ÚÌ¬|�����(�Or
é(f
�Ñ��^.
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ã 8 ØÓ§Ý�(Á�� ZT ��§Ý�'X

3.3.3 Ãþj9>`� ZT

dþã9>5U¢ÿêâ, �âúª ZT =
(α2ρκ)T O��� Bi2Te3 Ü7Á��Ãþj9
>5U�ê ZT, Xã 8 ¤«. dã�±wÑ, ¤
k�¬þ3 423 K §ÝNC���� ZT �, ¿
�, 3 693 K �(Á�äk�$�9�ÇÚ�p
� Seebeck Xêäk��� ZT �, �� 0.74, �
T§Ýe�(�o¬¬Ná�k
���OÌ, O
Ì�� 51%. �©¥¼������ ZT ��§Ý
�©z [10] Ú [13] �����', �p§�� 
£, ù´du�ïÄ¥¤����� Seebeck Xê
�p§��£Ä¤�. dd�±wÑ, ÏLN�Ü
7��*|�(�±9����ó²´�±��
`zÜ79>5U�8�.

4 ( Ø

æ^ý5íN�o�u - ev{��
B
� Bi 9 Te ® ", ( Ü Å � Ü 7 z Ú � > � l
f�(Eâ, 3 663—723 K §Ý��SÜ¤
 n

. Bi2Te3 ¬Ná�, ¿XÚïÄ
¬âºÝé>9
Ñ$A5�K�5Æ, ��XeÌ�(Ø:

1. æ^B�®"���3ØÓ�(§Ýe�
�Ñ
äkB��G(�9Ì¬æ(��¬Ná
�. B��G(�9Ì¬æ(��/¤, òk|u
?�ÚJp(fÑ�, ü$¬�9�Ç.

2. äkB��G(�� Bi2Te3 Ü7�X�(
§Ý�,p, Á��>{Çeü, m��Xêýé
�~�, 9�ÇO\.

3. äkB��G(�9Ì¬æ(�� Bi2Te3

Ü7�9�Ç�o¬á��', >Ñ$5UCzØ
�, 9�Ç�Ìü$, ¿� 693 K �(Á�3 423 K

NC���� ZT � 0.74.
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Synthesis and thermoelectric properties of
nanostructured bismuth telluride alloys∗
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Liu Yan-Qin Zhang Jiu-Xing
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and Engineering, Beijing 100022, China )
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Abstract

The Bi and the Te nano-powders are prepared by inert gas protected evaporation-condensation method; the n-type Bi2Te3 bulk

materials with nano-layer and twin crystallite sub-structures are then synthesized by mechanical alloying and spark plasma sintering

technique. The effects of grain size and microstructure on thermoelectric property are also systematically studied. The SEM and the

TEM analyseis show that the nano-layered Bi2Te3 bulk materials with twin crystallite sub-structures could be fabricated by controlling

the preparing procedures. The thermoelectric property result shows that the thermal conductivity is lowered compared with that of bulk

material of coarse-grained starting powders. The thermal conductivity decreases from 1.80 W/mK to 1.19 W/mK at 423 K, the lattice

thermal conductivity decreases from 1.16 W/mK to 0.61 W/mK at 423 K, indicating that the phonon scattering could be enhanced due

to the coexistence of nano-layer and twin crystallite sub-structures, leading to reduced phonon thermal conductivity. The dimensionless

figure of merit ZT reaches 0.74 at 423 K for bulk materials sintered at 693 K.

Keywords: Bi2Te3 alloy, size effect, thermoelectric conductivity, thermoelectric properties
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