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Fig. 1. Schematic diagram of (a) Seebeck effect; (b) Peltier effect; (¢) Thomson effect.
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Table 1.  Physical symbol nomenclature.
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Fig. 2. Schematic diagram of linear and nonlinear phenomena: (a) Linear Ohm's law; (b) nonlinear Shockley equation; (c) linear re-
lationship between magnetic induction intensity and magnetic field intensity in paramagnetic materials; (d) nonlinear relationship
between magnetic induction intensity and magnetic field intensity in ferromagnetic materials; (e) linear relationship between elec-
tric displacement and electric field intensity in paraelectric materials; (f) nonlinear relationship between electric displacement and
electric field intensity in ferroelectric materials; (g) linear relationship between polarization intensity and optical field strength in
linear optics; (h) nonlinear relationship between polarization intensity and optical field strength in nonlinear optics; (i) linear Pelti-

er effect; (j) nonlinear Peltier effect.
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Fig. 3. A circuit composed of two materials (a, b) and a
voltmeter(™®, Tj represents high temperature, Ty repres-
ents low temperature, T’ represents ambient temperature,
and fig (2 is 0, 1, I, r) represents electrochemical potential

at different positions.
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Fig. 4. Schematic diagram of the Peltier effect at the inter-
face composed of two materials (a, b)!™, aw,p) represents
the energy flow density in material a(b), and g. — q, rep-
resents the Peltier heat absorbed (released) at the interface.
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FI. IS5 R E R A Bk B A A
FEL 3] Seebeck ZRANATFEMN.

1) BEH Y BURENT Seebeck ZR 5.
22 SRR PR n A— N E R, BFahhE
e Fm, WY WA D = AT) = F(e). fEXFp
TR RPN ER IR Ep, ap IAHR Y
Seebeck RAL.

A
dD 0D de
Epun = = "o 4 (19)
Horr u BB FHERBHEXRA S =

(a) T T,

s m—
R
Ev\/

Metal

Metal

(b)

Epeimimime—. N PO S —

Metal Semiconductor

Kl 5  Seebeck %I Ml Peltier Z% v A9 BE 45 IR EE K (a)
4 )@ -n T S R - B J 2 0 A B A 1R R TR BE A B R A R
A5 (b) H 4 JE -n B 2 SR S5 0 20 AR &% 1R A2 T8 S m
BT BT 45

Fig. 5. Energy band principle diagrams of Seebeck effect
and Peltier effect: (a) Energy band structure of a device
composed of a metal-semiconductor (n-type)-metal struc-
ture under a temperature gradient; (b) energy band struc-
ture of a device composed of a metal-semiconductor (n-

type) structure without an external electric field.

(k NBIRZE 2 W8, LR RS R 5 WU R r 1)
KeFu(e) oc e/ T LIS

dz k 1

2) SR % TR E L VR BEXT Seebeck F U5
M. AR AR BOREL D R —A~ BT, 2
WMFWE n=f(D), FREPTHNEBRG N E,
AN Seebeck REH o, ks, HILA:

(20)

Don on 0T
E,un = . = 9T Oz’ (21)
dx k_Olnn
an=Ear =15 (22)

3) ) 75 PR Rl L B oo B E A 28 A X AH
i Seebeck ZEL a, FsZ e, Hfb 23 5 IR B
RARPEX 5, I HA TR

d(pe) _ Op
or T’ (23)
_ O k(3 _p 0n
Y= or ~ e<2 kT T8T>' (24)

I 2L (20). 3 (22) F1at (24) 7T LIAS 2]
) Seebeck REH

108402-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 10 (2021) 108402

k
a:aD+an+a¢:—g(r+2—kﬂT>. (25)

2.3.2 Peltier & #0945

T Peltier 2%, Heikes %5 20 25 1 T [E4A Y
PHAE DT TH AR B 8 — n B R 4 m
fi, &l 5(b) iR, RIBEIREE 5] 5040, TETCHL TR
LI, FEPIRIDRL T 2K BRI 2340 T R — K F
. 7R, 53R L, 23T
FIRE RN (AEn — 1), AEw AAEX TS 10 S i
PR, R TR A G, 51he
TAHLE, = REH AT DATE PR B AR, B4 it fin
—ANH g, BT H s 1 R s 2 K RE
T, X AEL g2 LBV, Wk s e d 5 A
AR LU AR AR F B K, WEA T HE i is i AR e 2
JEFEREH T, XIT AEL LS R K. &R, M
YT EOKBEIL, fis L FIUREE N AE., 2R
A AEGZIER /DN, I, R4 R - SR g,
Peltier R%0N

s = (1/) (AEw — i — AEy),  (26)
L RIR P4 3T Peltier 2800] LA A
I = — (kT/e) (5 - kiT) (27)

XHAE S = AEL /KT .
WHEREOT, R e [ R R
WMTRRNT e, XA

0=r+2, (28)
B LA Peltier 2005 A
(g

O, Hat (25) Fixt (29) ATFS Kelvin 55 —5¢
Z 3. (HJELEXT Seebeck ZREUAYHHE S, & HIH
KRRELIr e MR, AT HOm R
TR AR R T M. X T Rm kUL, 44T
HLJISE AT B, A SRR S A B R R (AR RS
M, HARREASEE pn 4555), X MRS FEEE LA
K BEL A SV, Heikes 25 29 AN i T2 K
RE Y A8 A6 5 20 i TR A5 A BE 1= MR 37 T AR
[, AR A TR FE PR A, X AN GE
AF| Peltier #rfr. {HIEAEFHIAL 1 T 28 K BEGLY
AL BT T IIERIE, I [ Zh AR A
7, XA LUHZE R Joule #WWE? AT LA N X Fi 5t
T A L BR AT 5 | ES  AAEEAE AL T- F Peltier R0

AL

H AT, F e BIE X Kelvin 56 2 14 A4
SRBAEL SR SERE I, (2 A 20 el 50 444X
FIFHREH BRI X Kelvin X R IAIE LK, Blag
FATHIEFE T 5 O 2568 B WA A R A RO
B (ZT), T JC 2R R SEAC IS i/ JE 8 1 B
M. B 3 5, Drebushchak(5:261 1§ i ¥4 £ 3%
Hr R B0 Seebeck RN Peltier RENFHIRHFT T
W, H2 A4S B A 25 R I AW Kelvin 55 — ¢

24 EHhETRHES
2.4.1 Seebeck # ##94fF

Drebushchak 38 i #4) 2 75 17 By R £ifE = ¢
T Seebeck Z U pREL 5. AN Sk AH 42 ik %) R e
S JRTEL T T2 A ST, B T4 il s 3 ) £
15, W48 R AT A B REZEERLZA 0, RP:

AG=AH —TAS + AUA¢=0,  (30)

Hi, AGHE M AMEZ 2, AH G2,
AS A2, AU WA &R MEREE, Aqh
TV 1 L PR 174 FEL ey 2 01

VRN i 3 P 4 5 A B B R R
KAWL H BB A

YA — VB k T
AU = ——T — — In{1+— 1
U doa e@v n( +9v)7 (3 )

Hr v s o3& )E A fig)E B H g 34
BHRE, o B4R Z 0 R HH AH G R4,
Oy NFHEIRE, 155 Seebeck REH

_dAU  yw—-m k Oy

dT dea e (32)

o(T) eOy +T

2.4.2 Peltier &£ 094 F

Drebushchak26) 3@ i3 7 7 3 B ALK Peltier &
Bl ot TR, FEF-AERT, 48 A F1 B I HLT
1A A ST R AR AR A 1Y, W R 2 (30), xR IATE
AR 48 A RN B ] [ Al b e H 1 A
PRECEASERY, H2 i T AL SR DTk (7d9),
I BT B BB B AN AH SR
e )E ARy 0, Wa)E A b

BN

4

LIPS

b

1
Epn=Hp = §WAT2, (33)
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Hit, 48 B H 1 B B8 N 3% kS i e 3
ReRyAN, A

Eg=Hg+UAg = LyBTQ + UﬂT, (34)

2 Oy

Horp NOWHL T B, BOf

- AQ _ By — By k:T( T>.(35)

_ A _ M B
Ag Aq e "\!To,

maC (32) A (35) AT, MEEHES A EK
Seebeck Z AU Peltier ZEIF AN & Kelvin 25
FAX. IFHTEEE, EESFIAY Seebeck %X
INEIZ AT Ry e BB I B ) AR R XM
LR R Seebeck ZREL. TEX N fE, 23k Wi
TR FEAR IR, PRI mT DL 22 S P25 i i g 2 T Al
A HRAEP Ak Z [0 A R 25 AR, 7R [A]—F
G E T SRR B AEAE, AN RERE % TR
RIS, T IE SR AR RS TS A TR
FL BB AETE, WA TR i T A I 0, 31X
FHS T Seebeck RN AR FLHZLUN, A AR
N7 AHSEXS T Peltier RN A, TEREA™ 2 G0 L AH
[FIENE, 2 R R Iy 2 P S I A2 3 1Y,
U] DASE 2o 5 b8 5 1 A 4 I 75 A1 B A Pl B A W],
PETHE S PR RE 5 A0 25 5. (RSN i 5 i A4
b o HE R B Uk 55 R SR, DT 32 A T 7 A
AT H R BE R AR AL, IR A ML L
B FL T A W R Bk I AR AR A N A
Peltier #A R WE? [6] 2.3 15 NBEHF G5 A9 X Peltier 44
N 1) 25 JE—AE, AT I — &R e i i AR
Peltier #r.

2 BGE T ARFIMER R BRI A DA S A
FERY IR, o] DLR B R W HE R #B A Peltier 2%
NPT IR, Bl Peltier RELS R TER, H

J2& Peltier RECEAY SHTCCNS? 412 Peltier 5
BN A HL Y PR, I8 Kelvin 58 — ¢ R A WA
e T . R FRATTHIIE Seebeck F %UJe: W7 [ H
F, e S5HRTCR). L% 2 AIATHRIN Seebeck
ZH0 . Peltier RELL K Kelvin 5 % R #EF
T3 8R B F LMk 2544 (Ohm 5 | Fourier & 3 45),
{HRAEH | P is R rh IR 2t OC R A i A7 7E
Y, PRI R S P HEL - HE R O R AR 2t i iz
PR IR R AL S O R T Bt — DA

3 Peltier R #0102 K 5w B &

Peltier RERGHHINE S WFIE Peltier A0
I9E Kelvin JCRAXMEERHE, (B2 HEX Peltier
FEIIE () TAEAR D, I B R Z 557 24K
HFAE—EAM, XFE Kelvin X RZAIFFHHHE]
TREF A SE B UE I X BUREOC T Peltier R A
FEWI I R S TEAEL AR S AL R
SHORTHE, FHE T I A AR 4 B O
X Peltier ZREI E B2 .

3.1 ZEMEH Peltier RELNE

Caswelll) I 7 T Cu/Bi #HL{H H1 19 Peltier
B N 3 R, 2o Cu/Bi A # G
o I BRI TR R ARG, REABIR AR 10,
LR R G fE V-4, KL Fourier Al Seebeck i
AW, WHAT (i — Iey) I+ RI? = dQ,/dt,
HrprdQ, /dt Sy B st ] P A LA S5 A0 SR i
{HJEJ5 K Garridol™ @i 4 &I, i FIY2 vifg
H2Z{R 0.1 K B, Fourier Wil Peltier Wikt £
HA T A ECE Y. I Fourier 3+ 75 8 %
ANBER 2

# 2 RREIJFEX Seebeck ZEL. Peltier REULI K Kelvin 55 7.5 R 3 HE I BB S AT AE 1Y (]
Table 2. The assumptions and problems in the derivation of Seebeck coefficient, Peltier coefficient and Kelvin's second re-
lationship by different methods.
i R FEAEI] S SEm]
AT | N . 2 JouledAF JouleFiFourier
it R Fourierff PORT] 220
. FERA T TR Y PR R R .
ATLERTD | Gt LU | Onsagerf815 X5 (pns oy | OnngerEVAR A
S AT . & TS
HEDA Peltierigigpn | Peltier R
PRIV T IOKTE | S potgior s R |
s S it it G| TR g | N PR SR TR
. Z e R . HLITER) yh R AR B Kng?
e PR HL TR AR FhZ AR S e
2% Peltiers{ i B kALl
2t Ry Jouledh
- . A U B o8 A A I )
TR s ARREHEH S IR )
s AT
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%3 KNFEIFEHY Seebeck %1 Peltier R

Table 3. Seebeck coefficient and Peltier coefficient of different materials.
W% MR /K Seebeck R4 /mV-K ! oT /mV Peltier %4 /mV SCiik
Cu/Bif 300 aBi — acy 0.0548 16.4 IIg; — ey 16 [10]
KA BAER B A S 310 Oeh — 0.0406 12.6 Iy — Iy 272413 [16]
Co/Aui e 295 Ay — 0.0329 9.7 ITay — g, 27 [12]
» pAUGE Y [E 5 1683 — — — Iy — Oy 190£25%  [11]
i S SE S 300 ap — an 0.420 126 I, — II, 12440.7  [14]
B Ni-ett 300 Qpoly(Nitt) -0.079 -23.5 ooty (Nivett) -21.6 [30]
- 300 Qare 0.0062 1.86 g, 1.81 [15]
TR P 300 anj -0.015 —4.50 Il 3.89 [15]
300 QNiFe -0.023 ~6.90 IIyire ~6.50 [15]

Fukushima 55 12 38 52 52 55 A5 55 1 76 24 HL A
Co/Au "] Peltier %%, WK 3 Pis. fEH ik
Xt T 5 — L (E Ip, Peltier #GE A 0] LL5E 4
A Joule 4, Bl R(Ip)? + (Iay — Hco) Ip = 0. {H
SEAIF ST R R IR FE 3 A1 2N AT REFEAEIY , il Fou-
rier T fll Seebeck i Jj & /AN 7] Z0 W& it . Garridol'?!
TR R BAEZ R T, A 8.3 mA HLUE
ff, Fourier W5 Peltier T HA #H 7] 195 22

Wang %5 P37 Co/Sn Bt 1HI 1) Peltier &
B AR I S T A TR /A A T Ak g
(125 5, 38 3 O FL G T ], S5 B BA A / BH B Y
., IFHHILAS H Peltier R0 X 2E A DTRR. 1EA
— BT 1T = To 55 Peltier A0 i 22 1Y
DT, A IS 46 I S RS A0L 246 SR B AR 41— 3K
PR AR TAROGHAT TR R 13155, A
B A% 1& Co/Sn St I 1) B g 24 Jo o} $afE S S
HLAEN, A5

Garrido 55 6 YEER 40 JELEE & S R ) X
Peltier 20 W 7EFHL §il 72 i 2 vh i b ST T 40
. VE#E JeRi H COMSOL 4 BRIC 7 % #A i A
(I BE A3 AT AT T B, B TR Peltier RAH
Thomson R LIAE, FlILIE 5 Peltier £ 4H
JE Kelvin 5 — 5 &3, Thomson RECH 0. T
PSR 1 8RR EE A, R RS IEOC R IER:
BT IR A R T 5 AhE S Y L E ((i)Fourier,
(ii) Peltier, (iii) Joule, (iv) Seebeck DA & (v) the
thermoelectric cooling). 1E# %& B Peltier i H A
OAER, AT LR FLA Y BT AT g e iR ot th . RS
VEZ T T —Fi e B B G S s &
I T R T, O B A A A
AP o3 R 3 A K R R B T MR

T F P A R R T R AR AR A e AR R A &
PN AT S 2V oA, PR Il a0 ) R BE A T
DLoR 15 B 3l 5 R A TR (R, 2E A
Peltier AL, Ai, 578 1k 30 Fh 52 50 256
151 Peltier 2405 i i Kelvin 28 — % &2 :HHE
[ Peltier RECMHZERIA 120%, WK 3 FiR.

T4 B AR B 9 Ohm $5 il 4 %5 B4
B PPE H A A i AR X R R A 2R
B LA AE 45 J@ AR Peltier 28 B0t 52 mi R 22 4H Xt

3.2  FEBEMBIE Peltier ZELNE

Rotzer 55 M T =48 2% p Bk 151 A1
Ab 1 Peltier 2250, W 3 /R, 7E@ A G,
PRAIE 2R G0 0 B 2 — S H TE S 1Y, D)8 Ao U5 [
S S R AT LATHE D FLRAL ) Peltier 25X
(I~ IIg). B2 KA AE 2 B A & Seebeck 7 48
(o), PR BEIE 3 S0 4G I Kelvin 25 5

Garrido % () i FH 3¢ T &0 i 1) i iz Jr i
Wit T —FhEr B Peltier RAAYSLLS . & T fiE
Tl W RN

dr

m
W=rA—+ |II—-—= |1
K ( e) , (36)

Horb kRS, A S IUE AR AR

YEFE R N XHE S48 2500 n BUR p B
B PRI AL, Forb B TR A m Ben]
VA HN A i, HEAR DA T 20 h 48 PRk R
B, AP 6 FroR. 2HAT R R aE G I, S R ] P A
St 45 Jd PR TR AN DA d @y, /it 4 Vi < i R AL
RN dQ, /dt .
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(a)

$ 1 1 ¢t Qu ot ot 11
B I v v v 1o
1y Wy |ty g Cu
tI VI I VI

[e— & —>
kel

ot ottt

connector

n P n
ta g8 iz | gal Comnmi
mooom vroovi U

Tt 1Tt QNT T

| Rt |
1 i T 25

Kn(Th_Tc) HnI HpI Kp(Th_Tc)

(C) Thwy + — T

K6 oo BIAN p BURR AL A S AR A Pl S0 14 (a) i1 RIS n/p R X AR FA L AR 5 (D) — X n/p A HL X B P 4544 ;
(c) PRHLEOF B M TAT S5 400, 5% 11 0 J) A R o s AR RH L 8, FUAT I AT L5 2 S a3

Fig. 6. Thermoelectric devices composed of n-type and p-type bismuth telluride semiconductors!': (a) A thermoelectric device com-

posed of two pairs of n/p thermoelectric pairs; (b) hot end structure of a pair of n/p thermoelectric pairs; (c) side structure of the

thermoelectric device, all around the device are covered with insulating materials, and only two sides can exchange heat with the

outside world.

IR BTSRRI SRR B o A R 2
9, WA (4T /da), = —(dT/dz), = (T, — T0) /L, 3
W LA SR R BE . A & A R SRR A2
SR A R R G LT, N TE RS I %
2 n BUF p B S0 G R R R — B0, IR
T ] 2 DX A ) A 2 A 22 5 (i — ) Je =
—Reul . PRIICAT LS E):

I (I, — II,) + R, I? = (Ko + Kp)(Th — To),

(37)
B K = miA/LG = n, p)RF S IR S R
B AR A TR RS UL T, A0 0 2 1 08
i T Peltier 2% I (IT, — I1,) Fl Joule 5L ReuI?
e 5 oot SO g
(Ko + Kp) (T — T REO R
IFHAdQy/dt = I'(Th — To) F1dQ, /dt = I'(Tp—
T, K DR, ToRBRIE. it
S T LA

4@y, _ dQ.
dt dt

dQ, /dt
N +

—~VI=0, (38)

r=frrom

FrLAK (37) AT Peltier %X (11, — I1,).
234 5 Seebeck REUXS L, A& BLHH £ Kelvin 2
TRFRI, Wk 3 PR, AHRRAEE RS (37) B
K AR, I HE AR A i SE R I A
ATELR N, P LR SR 25 AT AR B — o 1 i

(39)

L. 2P SRR G 8 H il 25 8 Ohum 2 il 5
FRFE R, I HLrh T 5 i H BELS R R 8 A LA
LSRR A A2 EE R Peltier RBAIIIAE .

3.3 R Peltier ZENE

Breitenstein 4§ 29 $& H4 T — R A FH 4 40 #4 %,
G4 AR R Y Peltier ZRATAY 7 V6. % I
PR g 4 ) A Ml e, AR B R A it S AL ] fi e
B, Jf H Ly AT TR AT 5 . R
WAHTG, RS TUESHRIE I, A Seebeck
KON FT Fourier R0 1] UL ZS, LA Joule #43)

P =E-i (40)

Hrb, i %R, E ARz, Jf A A mak

Peltier RECH —ASFr b sk, B D g a8 oo 5 i

i, FRoR FHAAE A /IR 1B LY Peltier AT 3%
FEh

Po= -V - (IT4). (41)

FF HO T — A2 F BEAE S, >4 H 3 2 1) i
iF, Pyl ek, Pe lyar sRZ. PR AT LU TE 1) fi
BRI R B PR ) e B AT R P
hA3E PR P . RIA

Py =(Pt+P7)/2, (42)

Bo= (Pt —P7) /2 (43)

RRAEPIA il S Z RN A L R U, LA
3 (40) M 45
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(46)
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contact B A
(47)

SR 5 38 A B P AROULER ) /N FL I R TR
A INAE Ak, A5 B0 1) fif B PRI 2R Pl
B ) AT 2 B P, BEARRE DL B AT
DIAS B ERE 5 1Y Peltier 24X
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heating
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=]
3
i m =j
8 =¥ e
& | Peltier N y
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) ]
2
ATpeltier £
o
X /arb. units
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e ¢ :
= —0.8
1.2 Experimental ;  Simulation
1 -4 -l 1 1 1 1 1

Joule heating

Peltier effect = 0 --‘M——\;
<

—04F} .
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. ¢ —12b
0 04 0.8 1.2 1.6 2.0 24

Fi4fE Breitenstein 55 29 $2H ) 7%, Jin 45 B
FIFHAA B A BN PSR EOR , XA HL g
1) Peltier RN #1471 AF5E. 4nl&l 7(a) s, flf]
T R TR I RO I R A T R T
Ni-ett #FF, H TR ZH R 4 el I R
R BARMK, PRI i 5 B 2 ) Y A S 46 LA
55. I H A TR SR ikcE T B s g, Bl
A S A S PTRARLT L AT LA 2 s R T
XTGP G I Z 0 AT, 22 I A I B AR B
BURBAAT B &4 09I BE 434, I PT100 X
Tt BE AT AL UE, SR 5 AR JE Breitenstein 55 29 §2 H
B 5 X Peltier #4F1 Joule #4743 85, 7] LIS
F| Peltier RN A1 Joule % W X i B 437 A8 BTk,
FIHZL (46) FTLAASZIRESL Y Peltier %%, fbfl 38
5 Seebeck U H A& B HH A Kelvin 55 R &
3, e 3 Frs. (E2 IR R rh A S5 AR
HIAAS AT R A, ANE] 7(d) iR, X S ECESEPR
5 1) Peltier #AT Joule #4 L H PSR L (B,
XX Peltier A AR 257 A —xE HUSZ .

Peltier
cooling

1.2 Fpeltier effect

="

0.4 F

X/mm

B 7 R AR TR 8 A A AR B AR X AL Peltier 500 09 & B (a) 704 ) 45 54 A9 3 B34 0 250 1 TR s 2% AR A 34
BN s 3 B (b) HH Joule AR Peltier #43 Al 1 ik B 4 M /s B &5 (c) 43 B Joule 4R Peltier # M MLl /8 B Al (d) ZEH IR E E N
1.5 A/mm?, Jiti k] 4 0.01 s i Peltier #4F1 Joule #4550 IR E /> A

Fig. 7. Measurement of the Peltier effect in organic thin films using thermal levitation devices and lock-in thermal imaging techno-

logy®: (a) Schematic diagram of the thermal effects simultaneously occurring on the thin-film thermoelectric device with lateral

structure; (b) temperature distribution caused by Joule heat and Peltier heat; (¢) mechanism of separating Joule heat and Peltier

heat; (d) temperature distribution caused by Peltier heat and Joule heat when current density is 1.5 A/mm? and application time is

0.01 s.
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Fig. 8. Peltier effect test device of suspended magnetic
filml%: (a) Side view of the test device; (b) SEM image of
the test device, in which pink represents the sample, red
and yellow represent heaters, and blue and green represent
thermocouples; (¢) a partial enlarged SEM image of the test
device.
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Fig. 9. (a) In quantum dots, the relationship between IT/T and & under different voltages, & = 2(

E —eUp) /hwy?; (b) when

& =17, the relationship between IT/T and the dimensionless cyclotron frequency we/wy at different voltages and temperatures!;

(¢) in doped InGaAs semiconductors,

the relationship between Peltier coefficient and current under different carrier

concentrations?!; (d) at 77 K and 300 K, the relationship between current and cooling generated by the nonlinear and linear Pelti-

er effect!],
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Table 4. Summary of the theoretical progress of the nonlinear Peltier effect.
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Abstract

Thermoelectric refrigeration technology is an environment-friendly refrigeration technology with broad
application prospects. The Peltier effect plays a central role in the thermoelectric refrigeration process, however,
the Peltier coefficient is difficult to measure. So in the actual application process, first, the Seebeck coefficient is
usually obtained, and then the Peltier coefficient is achieved by the Kelvin's second relation indirectly. It should
be noted that the Kelvin's second relation is obtained under linear conditions (Ohm's law, Fourier's law, etc.),
while in practice, nonlinear current-voltage relationships (Schottky junction, pn junction, etc.) and nonlinear
heat transport relations are common. And quantum effect plays a leading role in the nano-scaled region, then
the Peltier effect must consider the influence of nonlinearity, and the applicability of the Kelvin's second
relation must also be reconsidered. This paper first summarizes the theoretical derivation of Peltier coefficient
and the Kelvin’s second relation by different methods, then discusses the hypothetical conditions used in the
derivation process, and points out that the Kelvin’s second relation can be established only under the
hypothetical linear conditions. Then, several experimental methods of determining the Peltier coefficient are
summarized. It is found that there are still many problems encountered in the measurement of Peltier
coefficient, and the Kelvin’s second relation has not been proved accurately by practical experiments. Various
side effects (Fourier effect, Thomson effect, Joule effect and Seebeck effect) in the measurement process affect
the temperature distribution of the system directly or indirectly, making it difficult to measure Peltier heat.
After that, the theoretical work of nonlinear Peltier effect is briefly introduced. In the process of thermal
transport and electrical transport on a microscopic scale, quantum effect plays a leading role, and the nonlinear
part of the Peltier coefficient gradually emerges. These studies show the cognition of researchers that the Peltier
effect gradually changes from linear to nonlinear. The nonlinear Peltier effect not only exists objectively, but
also is very important in the practical applications. However, the current research on the nonlinear Peltier effect
is still at the theoretical level, and there is almost no experimental work. Finally, we discuss the research
strategy and feasible research direction of Peltier effect under nonlinear conditions. An integrated study of the
relationship among various heterojunction band structures, interface properties and interface effects is helpful in
comprehensively understanding the Peltier effect. With the continuous improvement of experimental conditions

and theoretical research, the study of nonlinear Peltier effect is expected to realize a new breakthrough.

Keywords: nonlinearity, Peltier effect, Kelvin’s second relation, thermoelectric refrigeration
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