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�¥®à¥â¨ç¥áª¨ ¨áá«¥¤®¢   ¤®¡à®â®áâì ¬®®¯®«ïàëå ¯®«ã¯à®¢®¤¨ª®¢ëå ¬ â¥à¨ «®¢ á ¥¢ë-
à®¦¤¥ë¬ £ §®¬ ®á¨â¥«¥© § àï¤  á ãç¥â®¬ à áá®£« á®¢ ¨ï â¥¬¯¥à âãà í«¥ªâà®®¢ ¨ ä®®®¢,
ª®â®à®¥ ¢®§¨ª ¥â ¢á«¥¤áâ¢¨¥ ¤¥©áâ¢¨ï   ¨å à §ëå ¯®¢¥àå®áâëå ¬¥å ¨§¬®¢ à¥« ªá æ¨¨

íà¥£¨¨   ª®â ªâ å ®¡à §æ  á â¥à¬®áâ â®¬. �®ª § ®, çâ® ¢ á«ãç ¥ ¨§®â¥à¬¨ç¥áª¨å £à ¨çëå
ãá«®¢¨© ¤«ï í«¥ªâà®®© ¯®¤á¨áâ¥¬ë ¨  ¤¨ ¡ â¨ç¥áª¨å ãá«®¢¨© ¤«ï ä®®®© ¯®¤á¨áâ¥¬ë â¥à-
¬®í«¥ªâà¨ç¥áª ï ¤®¡à®â®áâì ®¡à §æ  ¡ã¤¥â ¢®§à áâ âì ¯à¨ ã¬¥ìè¥¨¨ ¥£® «¨¥©ëå à §¬¥à®¢,
¤®áâ¨£ ï ¬ ªá¨¬ «ì®£® § ç¥¨ï ¢ ¯«¥ª å áã¡¬¨ªà®®© â®«é¨ë.

� ª ¨§¢¥áâ®, ¤®¡à®â®áâì â¥à¬®í«¥ªâà¨ç¥áª¨å ¬ -
â¥à¨ «®¢ ®¯à¥¤¥«ï¥âáï á®®â®è¥¨¥¬ [1]

Z =
α2σ

κe + κp
, (1)

£¤¥ α, σ, κe, κp — ª®íää¨æ¨¥âë â¥à¬®í¤á, í«¥ªâà®-
¯à®¢®¤®áâ¨, í«¥ªâà®®© ¨ ä®®®© â¥¯«®¯à®¢®¤-
®áâ¥© á®®â¢¥âáâ¢¥®.�§¢¥áâ® â ª¦¥, çâ® ä®à¬ã« 
(1) ¡ë«  ¯®«ãç¥  ¤«ï ¬ â¥à¨ «®¢ ¡¥§ ãç¥â  ¨å

£¥®¬¥âà¨ç¥áª¨å à §¬¥à®¢. �¥¦¤ã â¥¬ ¯à¨ ¨§ãç¥¨¨

â¥à¬®í«¥ªâà¨ç¥áª¨å á¢®©áâ¢ ¯®«ã¯à®¢®¤¨ª®¢  ¨-
¡®«¥¥ ®¡é¨¬ ¨ ®¤¨¬ ¨§ ¢ ¦¥©è¨å ä ªâ®à®¢ ¯à¨-
¡«¨¦¥¨ï ª à¥ «ì®© á¨âã æ¨¨ ï¢«ï¥âáï ¨¬¥® ¨å

ãç¥â [2]. �áâ¥áâ¢¥®, çâ® ¢ íâ®¬ á«ãç ¥ ¯®ï¢«ï¥âáï

¥®¡å®¤¨¬®áâì ä®à¬ã«¨à®¢ª¨ â®ª®¢ëå ¨ â¥¯«®¢ëå

£à ¨çëå ãá«®¢¨© (��). �¡ëç® ¯à¨ ¯®áâ ®¢ª¥ â¥-
¯«®¢ëå ��   áâ¥ª å § ¤ ¥âáï áã¬¬ àë© â¥¯«®¢®©

¯®â®ª, á¢ï§ ë© á ¯¥à¥®á®¬ â¥¯«  ¢ ¯®¤á¨áâ¥¬ å

®á¨â¥«¥© § àï¤  ¨ ä®®®¢. � â® ¦¥ ¢à¥¬ï, ª ª
¯®ª §ë¢ îâ íªá¯¥à¨¬¥âë [3,4] ¨ ¨å â¥®à¥â¨ç¥áª®¥

®¡®¡é¥¨¥ [2], ¨¬¥¥âáï ¢®§¬®¦®áâì ã¯à ¢«ïâì íâ¨¬¨
¯®â®ª ¬¨   £à ¨æ å ®¡à §æ  ¯®à®§ì. �â® ®¡áâ®-
ïâ¥«ìáâ¢® ¯à¨¢®¤¨â ª â®¬ã, çâ®   à ááâ®ï¨ïå ¯®-
àï¤ª  ¤«¨ë ®áâë¢ ¨ï L (á¬. à ¡®âã [5]) ®â ¯®¢¥àå-
®áâ¥©, ª®â ªâ¨àãîé¨å á ¢¥è¨¬¨ â¥à¬®áâ â ¬¨,
â¥¬¯¥à âãàë í«¥ªâà®®¢ Te ¨ ä®®®¢ Tp à §«¨ç-
ë [6]. �®áª®«ìªã ç¨á«¥ë¥ § ç¥¨ï í«¥ªâà®-
ä®®®© ¤«¨ë ®áâë¢ ¨ï ¢ ¦ë ¤«ï ®æ¥®ª â¥à-
¬®í«¥ªâà¨ç¥áª®© ¤®¡à®â®áâ¨, ¢ â ¡«¨æ¥ ¯à¨¢¥¤¥ë
§ ç¥¨ï íâ®© ¢¥«¨ç¨ë ¤«ï àï¤  ¯®«ã¯à®¢®¤¨ª®¢ ¨

¬¥â ««®¢ ¯à¨ ª®¬ â®© â¥¬¯¥à âãà¥ [7]. � íâ®¬ â ª

 §ë¢ ¥¬®¬ ¤¢ãåâ¥¬¯¥à âãà®¬ ¯à¨¡«¨¦¥¨¨ â¥à¬®-
í«¥ªâà¨ç¥áª ï ¤®¡à®â®áâì ¡ë«  à ááç¨â   â®«ìª® ¢

áã¡¬¨ªà®ëå á«®ïå ¯à¨ ãá«®¢¨¨ a/L� 1, £¤¥ 2a —
â®«é¨  á«®ï [8]. �¥«ìî  áâ®ïé¥© à ¡®âë — ¯®-
«ãç¥¨¥ ®¡®¡é¥®£® ¯ à ¬¥âà  â¥à¬®í«¥ªâà¨ç¥áª®©

¤®¡à®â®áâ¨, á¯à ¢¥¤«¨¢®£® ¤«ï ¯®«ã¯à®¢®¤¨ª®¢ëå
®¡à §æ®¢ ¯à®¨§¢®«ìëå à §¬¥à®¢.
�ãáâì ¨§®âà®¯ë©, ¬®®¯®«ïàë© ¯®«ã¯à®¢®¤¨-

ª®¢ë© ®¡à §¥æ á ¥¢ëà®¦¤¥ë¬ í«¥ªâà®ë¬ £ §®¬

¨¬¥¥â ä®à¬ã ¯àï¬®ã£®«ì®£® ¯ à ««¥«¥¯¨¯¥¤ , â®à-
æ¥¢ë¥ ¯®¢¥àå®áâ¨ ª®â®à®£® x = ∓a ª®â ªâ¨àãîâ

á â¥à¬®áâ â ¬¨ ¯à¨ â¥¬¯¥à âãà å T1 ¨ T2 (T1 > T2),
  ¡®ª®¢ë¥ £à ¨  ¤¨ ¡ â¨ç¥áª¨ ¨§®«¨à®¢ ë ¤«ï

¢á¥å ¯®¤á¨áâ¥¬ ª¢ §¨ç áâ¨æ. �¡à §¥æ § ¬ªãâ  

¢¥è¥¥ ¬¥â ««¨ç¥áª®¥ á®¯à®â¨¢«¥¨¥ Rm ¤«¨®©

2b â ª, çâ® ¢ æ¥¯¨ ¯à®â¥ª ¥â â¥à¬®í«¥ªâà¨ç¥áª¨©

â®ª j. � æ¥«ïå ¯à®áâ®âë ®£à ¨ç¨¬áï à áá¥ï¨¥¬

®á¨â¥«¥© § àï¤     ªãáâ¨ç¥áª¨å ä®® å. �ç¨â ¥¬,
çâ® £à ¨çë¥ ãá«®¢¨ï ¤«ï í«¥ªâà®®© ¨ ä®®®©

¯®¤á¨áâ¥¬ ã¤®¢«¥â¢®àïîâ  ¨¡®«¥¥ ®¡é¨¬ �� â¥¯«®-
¯à®¢®¤®áâ¨ [6].
� à ¬ª å ¢ë¡à ®© ¬®¤¥«¨ ¢ «¨¥©®¬ ¯® ¢¥«¨-

ç¨¥ (T1 − T2)/T ∗ ¯à¨¡«¨¦¥¨¨ (T ∗ = (T1 + T2)/2)
â¥à¬®í«¥ªâà¨ç¥áª¨© â®ª ¨ à á¯à¥¤¥«¥¨¥ í«¥ªâà®-
®© ¨ ä®®®© â¥¬¯¥à âãà ¡ë«¨ ¯®¤à®¡® ¨§ãç¥ë

¢ [9] ¨ ¯à¥¤áâ ¢«ïîâáï ¢ëà ¦¥¨ï¬¨, ª®â®àë¥ ã¤®¡®
¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥

Te,p = T ∗ −
∆T

2

 x

a

−

[
Ae+ δAp(1 + λ)

]x
a
−γe,p

[
Be −Bp−λBp

] sh kx

ak chka
AeBp + δApBe

,
(2)

£¤¥

Ae,p=1+
κes,ps
κe,p

th ak

ak
, Be,p=1+

κes,ps
κe,p

, κes,ps=aηe,p.

�â¨ ¯ à ¬¥âàë ¨¬¥îâ á¬ëá« ¯®¢¥àå®áâëå í«¥ª-
âà®®© ¨ ä®®®© â¥¯«®¯à®¢®¤®áâ¥©; ηe,p — ª®-
íää¨æ¨¥âë, ®¯à¥¤¥«ïîé¨¥ ¨â¥á¨¢®áâì â¥¯«®®¡-
¬¥  í«¥ªâà®®© ¨ ä®®®© ¯®¤á¨áâ¥¬ á â¥à¬®áâ -
â ¬¨,

L = k−1 = (k2
e + k2

p)
−1/2

— í«¥ªâà®-ä®® ï ¤«¨  ®áâë¢ ¨ï,

k2
e,p = P/κe,p, δ = k2

p/k
2
e = κe/κp,
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�¡à âë¥ ¤«¨ë ®áâë¢ ¨ï í«¥ªâà®®¢ ¨ ä®®®¢ ¥ª®-
â®àëå ¬ â¥à¨ «®¢

� â¥à¨ « k, á¬−1 � â¥à¨ « k, á¬−1

Ge 6.0 · 103 Si 1.7 · 104

GaAs 2.5 · 103 InSb 1.0 · 104

Bi2Te3 1.8 · 104 CdS 1.8 · 105

CdSe 3.7 · 104 HgSe 1.1 · 103

GaP 1.4 · 105 InP 4.3 · 103

PbTe 1.3 · 104 HgTe 1.0 · 103

Sn 2.5 · 105 Pb 3.9 · 105

InAs 1.8 · 105 Cu 4.9 · 105

Ag 4.6 · 104 Au 8.1 · 104

γe = 1, γp = −δ, P — ¯ à ¬¥âà, ®¯à¥¤¥«ïîé¨© ¨-
â¥á¨¢®áâì ¢§ ¨¬®¤¥©áâ¢¨ï í«¥ªâà®®© ¨ ä®®®©

¯®¤á¨áâ¥¬ [6], ∆T = T1 − T2;

j =
(1− β)αs + βα

R
∆T, (3)

£¤¥ R = R0 + RΠ + Rm — ¯®«®¥ á®¯à®â¨¢«¥¨¥

â¥à¬®í«¥ªâà¨ç¥áª®© æ¥¯¨, R0 = 2a/σ+ 2/σs — á®¯à®-
â¨¢«¥¨¥ ¯®«ã¯à®¢®¤¨ª®¢®£® ®¡à §æ , σ — ¥£® í«¥ª-
âà®¯à®¢®¤®áâì, αs ¨ σs — ¯®¢¥àå®áâë¥ â¥à¬®í¤á ¨

í«¥ªâà®¯à®¢®¤®áâì, Rm = 2b/σm, σm — í«¥ªâà®¯à®-
¢®¤®áâì ¬¥â ««¨ç¥áª®£® ãç áâª  æ¥¯¨ (¯®¯¥à¥ç®¥
á¥ç¥¨¥ í«¥¬¥â®¢ æ¥¯¨ ¢® ¢á¥å â®çª å ¯®« £ ¥âáï

¥¤¨¨çë¬),

λ =
2a∗(α− αs)

κe
(1− β)αs + βα

R
,

RΠ =
2aT ∗γ(α− αs)2

κe
, (4)

β = 1−
(Ae + δAp)− (Be −Bp) th (ka)/ka

AeBp + δApBe
,

γ =
δAp +Bp th (ka)/ka

AeBp + δApBe
. (5)

�«ï ®¯à¥¤¥«¥¨ï ¤®¡à®â®áâ¨ ¯®«ã¯à®¢®¤¨ª®¢ëå

¬ â¥à¨ «®¢ ¯à®¨§¢®«ìëå à §¬¥à®¢ ¢®á¯®«ì§ã¥¬áï

®¡é¨¬ ¢ëà ¦¥¨¥¬ ¤«ï ª¯¤ â¥à¬®í«¥¬¥â 

η =
W

q(x = −a)
, (6)

£¤¥ W = j2Rm — ¯®«¥§ ï ¬®é®áâì, ¢ë¤¥«ï¥¬ ï  
 £àã§ª¥; q = qe(x = −a) + qp(x = −a) — ¯®«ë© â¥¯-
«®¢®© ¯®â®ª, ª®â®àë© ¯®¤¢®¤¨âáï ª £®àïç¥¬ã á¯ î.
�«¥ªâà® ï ¨ ä®® ï á®áâ ¢«ïîé¨¥ â¥¯«®¢ëå

¯®â®ª®¢ § ¤ îâáï á®®â®è¥¨ï¬¨ [6]

qe = −κe
dTe

dx
+ Π(Te)j, (7)

qp = −κp
dTp

dx
, (8)

£¤¥ Π(Te) = αTe — ª®íää¨æ¨¥â �¥«ìâì¥. �¡ê¥¤¨ïï
(2), (7) ¨ (8), ¨§ ¢ëà ¦¥¨ï (6) ¤«ï ª¯¤ â¥à¬®í«¥¬¥-
â  ¯®«ãç¨¬

η =
∆T

T1

[
4

Z∗T1
+
Te(x = −a)

T1

α

[αs(1− β) + αβ]

R

Rm

]−1

,

(9)
£¤¥

Z∗ =
8a[αs(1− β) + αβ]2Rm

κp(1 + δ)R2

[
1−

Ae + βAp(1 + λ)

AeBp + δApBe

]−1

(10)
— ¯ à ¬¥âà à §¬¥à®áâ¨ ®¡à â®© â¥¬¯¥à âãàë, ª®-
â®àë© ¥áâ¥áâ¢¥®  §¢ âì â¥à¬®í«¥ªâà¨ç¥áª®© ¤®-
¡à®â®áâìî. �¥à¢ë© ç«¥ ¢ ª¢ ¤à âëå áª®¡ª å (9)
á¢ï§  á ¥®¡à â¨¬ë¬¨ ¯®â¥àï¬¨ â¥¯« , ®¡ãá«®¢«¥-
ë¬¨ â¥¯«®¯à®¢®¤®áâìî, ¢â®à®© — á ¢ë¤¥«¥¨¥¬

â¥¯«  �¥«ìâì¥. �â¬¥â¨¬, çâ® ®¡®¡é¥ ï â¥à¬®í«¥ª-
âà¨ç¥áª ï ¤®¡à®â®áâì (10), ªà®¬¥ ¢¥é¥áâ¢¥ëå ¯ -
à ¬¥âà®¢ ¯®«ã¯à®¢®¤¨ª®¢®£® ¬ â¥à¨ « , ®¯à¥¤¥«ï-
¥âáï ¨ ¥£® ¯®¢¥àå®áâë¬¨ å à ªâ¥à¨áâ¨ª ¬¨.
� ¯à¥¤¥«ì®¬ á«ãç ¥ ¨§®â¥à¬¨ç¥áª®£® ª®â ªâ 

í«¥ªâà®®© ¨ ä®®®© ¯®¤á¨áâ¥¬ ¬ áá¨¢®£® ¯®«ã-
¯à®¢®¤¨ª®¢®£® ®¡à §æ  (a/L � 1) á â¥à¬®áâ â ¬¨

(κes � κe, κps � κp) ¨¬¥¥¬ γ = 0, β = 1, RΠ = 0,
Te(x = −a) = T1 ¨ ¢ëà ¦¥¨¥ (9) ¯à¨ ãá«®¢¨¨ ¤®áâ¨-
¦¥¨ï ¬ ªá¨¬ «ì®© ¬®é®áâ¨ (R0 = Rm) ¯¥à¥å®¤¨â
¢ ¨§¢¥áâ®¥ [10]

ηW =
∆T

T1

1

4/Z∗T1 + 2
, (11)

£¤¥ Z∗ = Z.
� ¨¡®«¥¥ ¨â¥à¥áë¬ á â®çª¨ §à¥¨ï â¥à¬®í«¥ª-

âà¨ç¥áª®£® ¯à¥®¡à §®¢ ¨ï í¥à£¨¨ ï¢«ï¥âáï á«ãç ©,
ª®£¤  ä®® ï ¯®¤á¨áâ¥¬   ¤¨ ¡ â¨ç¥áª¨ ¨§®«¨à®-
¢  ,   í«¥ªâà® ï— ¨§®â¥à¬¨ç¥áª¨ ª®â ªâ¨àã¥â á

â¥à¬®áâ â ¬¨ (κes � κe, κps � κp). �®£¤  (9) ®¯ïâì

� ¢¨á¨¬®áâì ®â®è¥¨ï Z∗/Z ®â «¨¥©ëå à §¬¥à®¢

®¡à §æ  ¯à¨ κes � κe, κps � κp ¤«ï à §ëå § ç¥¨©

δ: 1 — 1, 2 — 0.5, 3 — 0.25, 4 — 0.17, 5 — 0.125.
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¯à¥®¡à §ã¥âáï ª ¢¨¤ã (11) á â¥¬ ®â«¨ç¨¥¬, çâ® ¯à¨
íâ®¬

Z∗ = Z

(
1 +

1

δak

)
. (12)

� ¯®«ã¯à®¢®¤¨ª®¢ëå ®¡à §æ å áã¡¬¨ªà®ëå à §¬¥-
à®¢ (a/L� 1)

Z∗ = Z

(
1 +

1

δ

)
, (13)

ª®â®à®¥ ¯®«®áâìî á®¢¯ ¤ ¥â á à¥§ã«ìâ â ¬¨ [8]. �¥-
§ã«ìâ âë à áç¥â  ¯à¥¤áâ ¢«¥ë   à¨áãª¥.
�æ¥ª¨ ¯®ª §ë¢ îâ, çâ® ¢ à áá¬ âà¨¢¥¬®¬ á«ãç ¥,

 ¯à¨¬¥à, ¤«ï InSb (δ = 10−2 [11]), ª®â®àë© ï¢«ï¥â-
áï ¥ «ãçè¨¬ â¥à¬®í«¥ªâà¨ç¥áª¨¬ ¬ â¥à¨ «®¬, ¯à¨
T = 300 K ¨ «¨¥©ëå à §¬¥à å ®¡à §æ  2a = 2¬¬ ¨

2a = 10−2 ¬¬ ª®íää¨æ¨¥âë ¤®¡à®â®áâ¨ á®áâ ¢«ïîâ

Z ≈ 10−4 K−1 ¨ Z ≈ 1.5·10−3 K−1 á®®â¢¥âáâ¢¥®.�à¨
¤ «ì¥©è¥¬ ã¬¥ìè¥¨¨ £¥®¬¥âà¨ç¥áª¨å à §¬¥à®¢

¤®¡à®â®áâì ã¢¥«¨ç¨¢ ¥âáï ¨ ¤®áâ¨£ ¥â ¬ ªá¨¬ «ì-
®£® § ç¥¨ï Z = 7 · 10−3 K−1 ¢ ®¡à §æ¥ áã¡¬¨-
ªà®ëå à §¬¥à®¢. � ª¨¬ ®¡à §®¬, ¯à¨ κes � κe,
κps � κp, δ � 1 ¨ áã¡¬¨ªà®ëå à §¬¥à å â¥à¬®-
í«¥ªâà¨ç¥áª ï ¤®¡à®â®áâì ¤ ¦¥ ¯«®å¨å â¥à¬®í«¥ª-
âà¨ç¥áª¨å ¬ â¥à¨ «®¢ ¬®¦¥â ¯à¥¢ëè âì ¤®¡à®â®áâì

«ãçè¨å â¥à¬®í«¥ªâà¨ç¥áª¨å ¬ â¥à¨ «®¢, ¢ ª®â®àëå
δ ' 1. �â®â à¥§ã«ìâ â ®¡êïáï¥âáï â¥¬, çâ® ¢ áã¡-
¬¨ªà®ëå ®¡à §æ å ®âáãâáâ¢ã¥â í«¥ªâà®-ä®®®¥
¢§ ¨¬®¤¥©áâ¢¨¥, ¯®íâ®¬ã ä®® ï ¯®¤á¨áâ¥¬ , ¡ã¤ã-
ç¨  ¤¨ ¡ â¨ç¥áª¨ ¨§®«¨à®¢ ®©, ”¢ëª«îç ¥âáï” ¨§
¯à®æ¥áá  ¯¥à¥®á  â¥¯«  ®â  £à¥¢ â¥«ï ª å®«®¤¨«ì-
¨ªã, ã¢¥«¨ç¨¢ ï â¥¬ á ¬ë¬ ¤®¡à®â®áâì ¬ â¥à¨ « .
� ¤¥©áâ¢¨â¥«ì®áâ¨ ª ª ¨¤¥ «ìë© â¥¯«®®¡¬¥,

â ª ¨ ¯®« ï â¥¯«®¨§®«ïæ¨ï ï¢«ïîâáï ¨¤¥ «¨§ æ¨¥©,
¯®íâ®¬ã ¢ à¥ «ìëå á¨âã æ¨ïå íää¥ªâ ã¢¥«¨ç¥¨ï

¤®¡à®â®áâ¨ ¡ã¤¥â ¬¥ìè¨¬.

�  ï à ¡®â  ç áâ¨ç® ¯®¤¤¥à¦   �¥¦¤ã -
à®¤®© ¯à®£à ¬¬®© ®¡à §®¢ ¨ï â®çëå  ãª �¦.�®-
à®á  (ISSEP) ¨ �¥¦¤ã à®¤®£® ä®¤  ¢®§à®¦¤¥¨ï
(£à â APV 062064).
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Thermoelectric figure of merit of monopolar
semiconductors with limited dimensions
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Abstract Thermoelectric figure of merit of monopolar non-

degenerate semiconductors is investigated. Discrepancy

between electron and phonon temperatures is taken into

account. It is shown that figure of merit of specimen

is determined by material parameters as wells by surface

characteristics. Thermoelectric figure of merit increases

when specimen liniear dimensions decrease and reaches the

maximum in submicron layers.
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