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�ÌÝJp, ��� 0.8. 9>`��
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1 Ú ó

9>á��±¢y>U�9U�m��p=
�, �äkNÈ�, ½5p�`:, Ïd3¢9u
>!B�ª�e��¡kX2,�A^cµ [1]. 9
>á��5UdÃþj�9>`� ZT = S2σT/κ

û½, S, σ, κ Ú T ©O´ Seebeck Xê!>�Ç!
9�ÇÚýé§Ý (S2σ ¡�õÇÏf). ZT �
��, 9>5U�Ð. Cc5, B�z¦9>á�
�5U¼�
�ÌÝ�J, [2], ÙÔnÅ�X
e. 1) �B�á��ºÝ�>f½(f�Å�
�C�, ò�)>f½(f����A, ¦Ù>
f(�½(f|�u)Cz, ?K�ÙÑ$5
�. ®kïÄó�y¢: �����>fí�ÌJ
p
 SrTiO3/Nb:SrTiO3 �¬�� Seebeck Xê [3];

(f���±wÍü$ Bi2Te3Si-Ge �¬�9�
Ç [4,5]. 2) B��â¬Ú\�þ�.¡, ù
.
¡�±ÏLü«å»O\ ZT �: 1�, Ñ�(f,

~�(f�²þgd§, lü$¬�9�Ç [6];

1�, /¤.¡³^ÚuUþLÈ�A, ³^Ñ
�é Seebeck XêkK¡K��$Uþ>f±J
p Seebeck Xê, ?JpõÇÏf [7].

� © ¥, � ¼ � p 5U�B� 9 > á �,

· � � O 
 � « � ± Ó � ¢ y þ ã A « �
A SrTiO3(STO)B�¬N>b. d?ÀJ STO ��
Ï´ÙÃÓ!Ø´�z!¤�$í, �õÇÏf�
p, ´�a�¸lÐ.��zÔ9>á� [8,9]. B
�>b�AÛ(�Xã 1(a) ¤«. �
O�{z,

©¥��Ä¬â÷X [001] ��æU�(�, ={
ü� “ �(�” �.. T�.¥, ¬âd 10% La

�,� STO |¤, �Ý� 16 � STO ¬�, 3Tº
Ýe�¢y(f����A. ¬.d 20% Nb �,
� STO |¤, þÝ� 1—4 � STO ¬�, Ï� Nb �
,¬ü$��./¤þf² [10], Ïd��)��
>fí, ¢y>f����A, Xã 1(b) ¤«. d
	, 3B�>b¥, ¬.��õU.¡�±Ñ�(
f, Xã 2(a) ¤«. Ó�, 3¬.NC��m>Ö«
�±/¤³^ (ã 1(b)), T³^�±é>fÚåU
þLÈ�A, Xã 2(b) ¤«: Uþ$u³^pÝ�
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>f�LÈK, Ï�ùÜ©>fé Seebeck Xê�
K��K, �T�A�±k�O� Seebeck Xê9
õÇÏf. nþ¤ã, >f!(f����A, >f
�.¡UþLÈ�AÚ(f�.¡Ñ��A�±
3ù�(�¥�Ü¢y.

� � � � � � � � � � 	 
 � � � � � � � � � � � � 	 
 � �� � 	 
  � � � �  � � � �
� � �
� � �
ã 1 SrTiO3 B�>bAÛ(� (a) �U�(� (b) «¿
ã, ã (b) �¬.NC³^/¤�ÔnÅ�. (f�>f�
���A©Ou)3¬â�¬.

ã 2 .¡éÑ$5��K� (a) (f�Ñ�; (b) .¡³
^é>f�UþLÈ

2 O��{

3©f$ÄØ¥, ¬�9�Ç�±L«�

κ =
1
3
Cvλν, (1)

Cv, λ Ú ν Ú©O´9N!(f²þgd§Ú(�.

STO B�>b� Cv ��u STO ü¬, � STO >
b� λ Ú ν ©OÉ�.¡Ñ�Ú(f���K�.

éu²þgd§ λ, §Ú(fµþ�m τp ¤�',

µþ�mÑl Matthiessen ½K
1
τp

=
1
τU

+
1
τd

+
1
τB

, (2)

Ù¥ τU, τd Ú τB ©O´duéAu(f U L§Ñ
�!"�Ñ�Ú>.Ñ��(fµþ�m. 3ùp
(f U L§Ñ�Ú"�Ñ��²þgd§æ^¢
��, �L 1[11−13].

L 1 3 300 K �, 10% La �, STO 9Ñ$5� [11−13]

¬�9�Ç κ/(W·m−1·K−1) î�(� vT/(m/s) p�(� /(m/s) 9N /(J·K−1·cm−3) ²þgd§ /nm

6.5 4900 7900 3.47 1.1
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>.Ñ�æ^ Callaway �{ [14]

1
τB

=
v

F · D
, (3)

Ù¥ v ´(�, D ´²þ¬â��, 3 STOB�>
b¥´ 6.3 nm. F ´Äu¬.o÷§Ý�?�ëê,

0 < F < 1, F ���¬.�²w. ùp� F = 1,

�L²w�¬.. éu(�, �Ä(f���, (f
²þ+�Ý� [4]

v(q) =
∂ωn

∂q
, (4)

ωn = vT

√(
πn

D

)2

+ q2, (5)

Ù¥ v, ω, q, vT, n Ú D ©O´(f+�Ý!ªÇ!
Å¥!î�(f�Ý!þfêÚ¬â��. Ï��
N¥¬�9�ÇÌ�5gu(Æ(f��z, �d
?��Ä(Æ(f, =(f²þ+�ÝÚ STO >b
¥�(�����.

¬â�>�ÇÚ Seebeck Xê�±$^À�[
ùÑ$nØ [15,16] O���:

SGI =

∫ ∞

Eb

g(E)τ eE(E − EF)
∂f0

∂E
dE

eT
∫ ∞

Eb
g(E)τ eE

∂f0

∂E
dE

, (6)

σGI =
2e2

3m∗

∫ ∞

Eb

g(E)τ eE
∂f0

∂E
dE, (7)

Ù¥ g(E), EF, τ e , f0, e, T Ú m∗ ©O�L��
Ý!¤�U?!µþ�m!¤�©Ù!>f>
þ!§ÝÚ>fk��þ, È©�e�´ Eb, ¬.
³^�pÝÙÔn¿Â´Uþ$u³^�>fé
Ñ$L§vk�z. éu τ e Ú m∗, æ^�ª

µHall =
eτ e

m∗ . (8)

¿�[£Ç µHall = 9.2 cm2·V−1·s−1 æ^¢�ÿ
þ� [17], g(E) Ú EF d�Ý�¼nØO�¤� [18],

éu¬.?��>fí�>�ÇÚ Seebeck Xê,

= σGB Ú SGB, æ^¢�� [19]. o>�ÇÚo See-

beck Xê�d±eL�ª�Ñ:

σtotal =
AGBσGB + AGIσGI

AGB + AGI
, (9)

Stotal =
AGBσGBSGB + AGIσGISGI

AGBσGB + AGIσGI
, (10)

Ù¥ A, σ, S Ú κ ©OL«BL«�¡È!>�
Ç!Seebeck XêÚ¬�9�Ç. ZT �´

ZT =
S2

totalσtotal

LTσtotal + κLattice
T (11)

Ù¥ L = 2.45 ´âÔ[~ê, T ´ýé§Ý.

3 (J�?Ø

ã 3 �Ñ
O����B�>b�¬�9�
Ç. l��m 5 �:�g�: l¢�êâ¥��
� 10% La �, STO ü¬�¬�9�Ç [11], ��
Ä.¡Ñ��� STOB�>b9�Ç, ��Ä(f
��� STO B�>b9�Ç, Ó��Ä.¡Ñ�
�(f��� STOB�>b9�Ç, ±9^ Cahill

��{ [20] O���� STO ��$¬�9�Ç. Ù
¥, ü¬éAu¬âº�Ã��, STOB�>b�
¬âº�� 6.3 nm, �$9�ÇéAu¬âº�
ªu". lã¥�±wÑ, (f.¡Ñ��(f�
�ü«�A�±k�/ü$ STOB�>b�¬�
9�Ç. ÙÔnÅ�Xe¤ã. ¬.?�(f.¡
Ñ�ü$
(f�²þgd§: ¦^úª (2), (3)

ÚL 1 ¥�êâO��Ñ, B�>b¥(f²þ
gd§´ 0.94 nm, '�A¬Ná�¥�²þgd
§ 1.1 nm ü$
 15%. ¬â¥�(f���Aü
$
(f�+�Ý: ¦^úª (4), (5) ÚL 1 ¥�
êâO��Ñ, B�>b¥�(�� 2422 m/s, '
Ná��� 5570 m/s ü$
 56%. Ïd, ã 3 ¥
1 2, 3 �:©O'1 1 �: (ü¬�¬�9�Ç)

$ 15%Ú 56%.

ã 3 O����B�>b�¬�9�Ç�ü¬!�$¬
�9�Ç�é'

�²þgd§Ú(�Ñ¼��, �±¦^ú
ª (1) ÚL 1 ¥�êâO�B�>b�¬�9�Ç.

O��'ü¬¬�9�Çü$
 67%. �ì±þ�
éu(f+�ÝÚ(f²þgd§�?Ø, ù«ü
$Ì�´5u(f���A, .¡Ñ���z�
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é��. lã¥��±wÑ, O�¤��B�>b
¬�9�ÇE�pu�$¬�9�Ç. I�5¿�
´, du·�3úª (5) ¥�½ F = 1, ¤±b�¬
.´²w�, ù�O�¤��¬�9�Ç´Lp�
O�, Ï� Nb �,¬3¬.?��¬�ÆC, ¦¬
.C�o÷. Ïd, “ý¢” �¬�9�ÇAT'O
���$, $�$u��¬�9�Ç [21].

ã 4 þf���A�UþLÈ�AéB�>bõÇÏf
�K� (a) õÇÏf�¬.³^pÝ�Cz, 1, 2, 4 L«
¬.þÝ, 16 L«¬â��, ü þ���ê; (b) ØÓ¬.
þÝ�B�>b¥ü«�AéõÇÏf�K�

ã 4(a) �Ñ
B�>b�õÇÏf�¬.þ
ÝÚ¬.³^pÝ�Cz�. lã¥�±w�ü
�ª³: 1�, �X¬.³^pÝ�O\, õÇÏf
kO\, ����4��, ,�~�; 1�, õÇÏ
f�X¬.þÝ�~�O\. 1��ª³´Ï
�>f3¬.³^?�UþLÈ�A, Xã 2(b) ¤
«, ³^ “LÈ” K$Uþ�>f, ¦ÙéÑ$L§
vk�z; ³^épUþ>fA�vkK�. Ï

�$Uþ>fé Seebeck Xê��z�K, Ïd¬
¦ Seebeck XêO�; ë�Ñ$L§�>fêþ
�~�¬¦>�Ç~�. �³^pÝ�$�, >�
Ç~��§Ý�u Seebeck XêO\�§Ý, Ïd
õÇÏfO�. �³^pÝUYO\�, >�Ç~
��§Ý�u Seebeck XêO\�§Ý, ¤±õÇ
Ïf~�. ¦õÇÏf������³^pÝ=
��Z³^pÝ, ����u¬â�¤�U?, X
ã 4(a) ¥¤«. 1��ª³´du>f����
A, �X¬.þÝ�~�, >f���AC��u
²w, ù��õÇÏf�O\, X¢�¥�êâ¤
«: ��>fí3ü� Nb:STO ¬�¥����A
'3 2 �½ 4 �¥�²w, Ïdk��� Seebeck

Xê9���õÇÏf [19].

ã 4(b) w«
>f�UþLÈ�A����
AéB�>bõÇÏf�K�. ã¥dþ�eo^
��g�: Ó��ÄUþLÈ����A!��Ä
UþLÈ�A!��Ä���A!±9ü«�A
þØ�Ä�B�>b�õÇÏf. lã¥�±w
Ñ,UþLÈ�A����Aþk�/Jp
B�
>b�õÇÏf,UþLÈ�A��z�pu��
�A. ù´Ï�¬.3B�>b¥¤ÓNÈ'��,

Ïd¬.>f�þf���Aé>b9>5U�
K���.

��¬�9�Ç!Seebeck Xê�>�Ç��,

=�±ÏL (11) ªO�9>`�. O��Ñ, �B
�>b�¬.þÝ������¬.³^pÝ�
�`�, ZT ���, ¿§e� 0.8, �� La �, STO

ü¬�� 8 �.

4 ( Ø

3¿§e, ÏL¢y(f!>f����A,

±9.¡?�(fÑ�Ú>f�UþLÈ, STOB
�>b�nØO� ZT ��±�� 0.8. 3B�>
b¥, >f����A�UþLÈJ,
õÇÏf,

Ù©O¦õÇÏfJ,�ü¬� 1.6 �� 2.3 �;

(f���A�.¡Ñ�ü$
¬�9�Ç, Ù©
O¦¬�9�Çü$
 56%� 11%. o«�A��
Ó�^¦B�>b�9>5U��ü¬k
�Ì
Ý�Jp.
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Confinement effect and interface effects on
the thermoelectric properties of nano-ceramics:

theoretical study∗
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Abstract

The influences of electron and phonon confinement and interface effects on the thermoelectric performance of SrTiO3 nano-

ceramic are studied by using the Boltzmann transport equations and density functional calculations. Theoretical calculations show that

the figure of merit of nano-ceramic is greatly improved up to 0.8 at room temperature. The improvement is due mainly to the phonon

confinement effect and the electronic energy filtering effect at the grain boundary. The electron confinement effect and the interface

phonon scattering effect play a supporting role. These results may be conducive to the design of high-performance thermoelectric

nano-ceramic.
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