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The study of thermoelectric properties for semiconductor thin-film
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Abstract

In this study, the thermoelectric property of the semiconductor
thin-film material with various impurity dopants was studied to
evaluate the developing feasibility in future. The ZnO thin-film was
investigated due to it is friendly for environment. The
thermoelectric properties of ZnO thin-film with different aluminum
concentration at temperature 300K~600K were analyzed. The seed
back coefficient of ZnO thin-film with 6% Al dopant was obtained.
The ZT value of AZO thin-film is less than 0.4. This result can not
support the semiconductor thin-film was used as a thermoelectric
device at room temperature. May be a feasibility solution can be
used which the semiconductor with nanostructure or

nanocomposite.



IR T3
EHAAET IS OFESE L EHAT TR RE R o
ST TR A A R RTIB R A M AP R
GAeH T P A Ao

FRHENRD FEB AXFERENTET > AL - B
d

s

HHFEREE S g o (e B
THRBERTORBP T B AFTOFRT S ADFINA R
EFTAA TR B TR g E R
At A B RHE T AB TS EES R 0 g Ak

=h
|
B AT A o and B INA 5 iBINA ki e

BT

PHREAS G EREFPET CRAKRD £ AT R RTFR R
TR HBRAEL D RERFLZE

TE{d ket Al s REp AL R R

LB R B s & RRGRAL o T W LY 2000 & 23k O #x
EF & 2000 &2 0 AR Eu s B gL L KR W

‘4‘:#1 » EﬁF'j( _4;: A )4; ;JH'E ii@‘i}\ﬂb /}EIEZI}? %J ?\i F /{g‘f’?ﬁ‘; ,),%(f:tai ’

il 3 Bt )
BT BRI R ORTEET > RE A2 F R AR
TR o FHEHN MR ORT RER ET A L Seeback

effect[1] ~ Peltier effect[2]¥ Thomson effect[3]= f& 3 ~ #

FT P RAE R A



% RIL > jyd Thomsonrelation ¥ #-= Bk & i
PRBTRY G- BRETRTHEALAS TH - BT 12
% BT EHE TR 0 % o Seebeck i o

- BE RGBT ERTRHE  TAFRERFRERAT
Pt 0T E Kd N E I AE AP e BEF R M B

3,

BB B ARG FIO R g TR AR S E R A
FHEARTF AR2L FE LG PRRE RS 5 AT
s

=2
~my

=
A APEE A BT AR ERTAH PRI AL TRE R,
RFERE T AR FIR R ESYRT E R T e
TR PR NEL

o

=
7};@.1& EITARAFT YT EMg e B

FOR[4-T] I HATFTORET FHERP 4T 12 P AL H
R L0 A BASRET  RBHIEPS (THF ) FR
<SS d BB s e o FR AR T oid Bl b
PN A EM P (T ) 4 A ks §ig
- % P 3]z NAZEMEET P B e )



Cold

FF AP EN RO I EUR S APHME D RL
EF @k A ahflfed o Fpt et AL TR R
FREH A LA r - BT RIT AFTHLEERS
Les2 kR Z4RE e N N B RAT FLITERETRTHE

S %%—,"1 Gl AR A j\’g At /)J;’I? If‘lvifg\ Fo g B eh R



R EEER
HErAELES

E IR BF (T )ﬁ‘b""'&r; W EARE § -
THAPRZE gt F o - R RIS FR W
- Q}‘?J\-?ﬁ:ﬁﬁf

A A
FHARL YR T Z B e
(- )BT BERRIT 5 ER;
(243485 i &L Hay i o o 4 1%,
()2 FEae4 7 F e,

()& 2 E

-~ USRI AR S B
(- )i i

BH -
”14),*

iRt A Pﬁﬁfg/k}i

v

v

¢OiE R
bat%.

LT Y T T
A i ganie P S uE T BEER S 2 ath 4 athe
ATt 3B 3 ) K% 3B ALOs esE :
(=)B4pF V48 B et 1T

v

7

S ld

\\':%'
o A u|i B EORAEYS 5 A b chibaE 5
) 17 )

TR ET A EL A
B e Ar g RE 0 A H
B 247 5 & (250 nm &2 370 nm) AZO &0 i s B
BT o
= REEECETERT SER
U & AR

1 BFRER

AR ME TS A AR iRz Al-doped ZnO

gy

Lt

g ’L]F,,_"“L;F’;]l'i‘}’:”ﬁﬂ"“ ’ %ﬁ&fﬁ?/gﬁim"s - @llf% i %E



BaEE g CEEE T ERIE A RS

— ~ RF-Sputter & # ¥ it & & 52 JL A B4 47
B F SRR AT Y FNTE G P ARARR R (2% 4% 6%)

thi R BB AL EOEF > FH P ELT B A
TRTAHEROEEAE S ER S F A T AT

500 nm

M« $4800 5.0KV-3'9mm x100K SE(M)

(d)

500 nam

' §4800 3.0KV 4.2mm x100k SE(M)

848000 0KV B0 2800k

Bl- ~ % F44mk A F &t 2 e SEM B () (b):2%. ;

(€) ~ (d)4% ; (e) ~ (6%

5 ¥ L% B S (RF) 38 4

\“‘h
~
S
X
N

A

d SEM Bl > &3 435e4r 3
e N i i B A2 45 B B

FIE S I0Y i B R

B o
SR URERE WA KR O R R

J—J‘n

- HIENIEE

ﬂ



too % Xray $EStREBEZE 2 FERF & EF Rt R
t0 (002) ehsEst & R > d P BEORTBRE DR 4 o &R
Debye-Scherrer’s Equation:[9] > ¥ d [002]*4 & ¥eé+ & > 5 L 5
(Full width of half maximum, FWHM)3* & » #3]7 F fo o+ /| ¥4
RER DR > oT R BB H RSO SRS ES
# (phonon)-L 325 d i /2 (mean free of path) 7 #7c & > 7 %

I E R RSN - TRABE -

200 = INO
2% AZO
&o0 4 (002) 4% AZO
TOO ! 8% AZOD
T I | J
' {103)
a00 ] J‘L_ .
=] 1l
o 500 - i
=
B app poseamrd e e
£
= 300 o
Euﬂ_-r--—". Wt Wi "
100 -
o —— |
! 1 T T T T
] 4 50 60

2 theta(degree)

Bl- -7 F445% 4R XRD B



[ A

_— 24 B \~ i
£ \
c i N,
@ 20+ s ]
a o
Q \.\
£ 16} N |
7] A
E‘ 12 B '~ ~._ i
o | S

8 1 1 1 2 L . ,

0 1 2 3 4 5 6
Al-doping (%)

Bl= ~F "BEY7 FBEERLPELTRRE

I

%E} S A2N[10] s AT o d B antg Ao o 2B F VAT

WF) G BEELS 0 U D i i o

2_2 )
Mg =Z L L1 786% _02ssEn, ()
2R° |Mg  my &R

H ¢ h s ad ¥ #h=1.0545x10% 0.5 R & et o
Ewm 5 F 758 L F a0 £ ER=4.3x10"T 5 ¢ 5 Zn0 04 T fhdic > me 2 my
AR E TR R R HBIT ISR 0 AR ~01-02v 0 AR

RCTFLAPR BT KT RBEF DTSRRI

l%}%ﬁ ’ 'llf')%]‘l‘ o



100

90 -4
sol
70
60 |-
50 |
40 |
30 —— 2% AZO-250nm

20 | —— 4% AZO-250nm
- 6% AZO-250nm

Transmittance (%)

400 500 600 700 800 900 1000
Wavelength (nm)

Ble ~ % fpi3d4es CE&FWEAE 400~1000 nm 75 5 k¥

Ble & 7 43485 &5 4 & 400~1000 nm 7 & 5 B 97

Bt o ME- BArgp ETHE

domG etk - HRHEERT ST d L - WA
srliTanipdey P aEE NEREHalEZRITFRRASE AR
LG AL R EF R R SR MR ERP R B
Rk ERZE DN R[] -

r]i2 = Nch exp[@} = Nch eXp|:_kI_T_g } ______ (2)

He m a2 FFFEARANGZBTFTIRA N ZETFT IR
B B 3 2 ¥ B EmFTars,K 3wt ¥, T 5 5HE

10



A

-~ RBEERRF CEEN L TTK 2 300K @ Fo
+ R R R

Room temperature 300K

2% AZO 4% ATO

Mobility (cm?/Vs) | Concentration Maobility (cm?fVs) | Concentration Mobility (cm?/Vs) | Concentration
EL (fem?) (fem?)

1.989 x 10* —1.149 x 10 2.64 x 107 —1.346 % 10" 2.966 % 10* —5.349 x 10'®

(Liquid nitrogen) 77K

Maobility (cm?/Vs) | Concentration Maobility (cm?/Vs) | Concentration Mobility (cm?/Vs) | Concentration
{fem?) (fem?) (fem?)

2.645 x 102 —B8.816 » 106 1.842 x 10°% —2.95 x 107 2.109 x 10% —5.299 x 1015

SRR 8 (A0) ERT R R
SOF LB ETR R
BT A A BN BT b MR B L A

ERET FRRBET CBETARTHE > § AR FRR DT

/\

R AT hT 3o h d B8 (mean free path of phonons) 1m

u‘T—\)J— [12]

11



1
A 1CI Vv E |
==Cvl,,.v=|—

B Crdde i VARZ -, viTHEIER(T LTS

ot ) o B A4 % %#k(Yong modulus) > P4 3 % A& (5.664x10’

Ka/m’) 5 F10¢ % ik B endpn v izt 58

% - ~ AZ0 ,"Ef’i*g’:m%‘ngé. T pd —+mz§%;§.l—h§».+ m*ﬁé@lp
2% TE B Rl AR E | B AR R
Thermal Electrical conductivity | Thermal conductivity carried Thermal conductivity
conductivity (Sm™) by free electrons, Ae carried by phonons, e
(Wm 'K (Im'K™" (Im'K™"
Zn0[12] 5.2 5. 8x10° 0. 32 4.7
AZO(2%) 5.3 4. 4x10" 0. 32 5.0
AZ0(4%) | 5.84 6. 4x10" 0.34 5.5
AZ0(6%) | 6.69 8. 4x10* 0. 39 6.3
:x:AZ0 #%eh Young Modulus 32 % 106. 7TGPa 3+ 5 [12]
< R 5 5 AZO e lpn @t et 3 T390, 3m[12]
d 2 & G Zn0 & c-axis £ #)k.8 0.5266(nm); Tl 44

70 #orenlon 9 5 8 ¥ Beha 2 o

=

AZO FHEv P e i igm e b

HY2BF " Frshei hr i v BT 1 o d N hadr
FAnE g > CBETPEAMIEERT ZF R TR

s oy 73 R BT B T > B ERARR




o
\.\

I

7l

(Z)#4rF M &R T
PR AR F SR £ (AT e R T

BT o R
R(AV) > Bl 65 FA g R 7 R RIS T RA R
B R R OREGED o T RRB TR R

2y
R R HERE SRR FRER B RBET BT

£W§?‘@%?@ﬁﬂi;’iwﬁ%@%

£

v
%

Pin Sample

13



AR R R R M A R S 0 g

BEPRTE SRR RS ke £ o

g 80 T T T T T T T T

= % Al - = Voltage Difference (V) .
>=_ 70 ° = & Temperature Difference (K) # -
— [ - 4- Seebeck . 1
Zeof (A) Lo
£ 5ol AT :
c 50 . - - o

e[ +. S

O 40} Tt -
E | ‘

Q 30 A e -
O L .,

O 20} IR -
510 ’ - A a.
8O ... TAV

g 0F e = B e & B = = B & = & = = > -]
2 300 350 400 450 500 550

Temperature (K)

14



E‘ 80 T ¥ T T T ¥ T ¥ T T

= [ 2% Al = \/oltage Difference (V)

>1 70F 0 = & Temperature Difference (K) T

o i - & Seebeck

S 600 (B) i

€ sof .7

0 a0l AT. - ]

e N - d

"g 30F « S - )

O 2| AL §

S 10l - : ]
10 - . J

Q [ L ° e e e e ... N

§ 0k B o = I-A-\/- - e o S s = B = - =

9 300 350 400 450 500 550

Temperature (K)
=~ 7 B R BAE(20F 4 IR T S ACEHE R M 5 (2)250

nm (b)375 nm

4 P 4 > seeback
5 ## T H A seeback

coefficient “Lif & :H 4v T MPET M chig & o

™ 3’1
FE‘

ARG P EST EARE . BRlS R

9 80 ¥ 1 v I v I v Ll ]
= [ 0, - = Voltage Difference (V)
>1 70 4% Al = & Temperature Difference (K) N
- - # Seebeck o
=60 (A) e 4
- _——

E s0f . . i
S a0 N AN | ]
= S v
8 30 PR S .
O 2| L e
ﬁ = *

10 ‘ -
] . ®
o] F e ° AV
0 0 - B e o B o o B = o B = = B o = B o]
Q 1 . ) . 1 " 1 . 1 . 1
9 300 350 400 450 500 550

Temperature (K)

15



E\ 80 L] ¥ 1 ' 1 v T M 1 1
— 0 - = \oltage Difference (V)
>1 70 4%Al | e Temperature Difference (K) .
— [ = & Seebeck 1
S 60F (B) y
H" L r
S s0f -
0 a0l AT .- A
b= .- " T
83+ S LT ‘
:izo- ez, ]
L " - o
O 10} . Tt
2 - AV .
8 0 S
24 300 350 400 450 500 550

Temperature (K)

BN~ 2 5 RBAEMY)F C&E T SRR M R (a)250
nm (b)375 nm
B~ 53R ERBEG athF PEETTERDERT FRERS

4

\\

% 0 "EF SR R 3 4o > seeback A 4 #E P A0 "R ARS
i & %

Ik

>

& % s 7 M seeback coefficient i & 3 4e § 4l

T i g o
9 80 ——TT T
= 0, - = \oltage Difference (V)
>1 70 6 % Al - & Temperature Difference (K) 2
— [ - & Seebeck L
=60 (A) o -
‘._;‘ o o~ - g
qﬂ, 50 |- . y ® -

L i =

S a0l - AT ]
t S e S = 4
8 30.- ’ s o .-.
O 2t ¢ 4
= L o
O 10} " -
8t e--v AV
m 0 —~ B e o @ o o B o o B o o B o o > o]
Q 1 1 N 1 " 1 2 1 2 1
‘2 300 350 400 450 500 550

Temperature (K)

16



-

o
T
)

- AV ]

o
T

300 350 400 450 500 550
Temperature (K)

9 80 —T T

= 0, - = \/oltage Difference (V)

>=_ 70 6 % Al = & Temperature Difference (K) 1
g [ - & Seebeck 1
S 60f (B) ]
‘._r L

c 50} 4
o ! o
(&) = 4
E 4 | S ATo -w @ ]
O 30 s 4
8 L i * - = " =i & 4
~ 20- o * e e s " - . - -..
(8]

o

Kol

(V]

V]

2

Bt ~ 7 5ERBEEGKF & T S8R R M 3R (a)250
nm (b)375 nm

Bl 57 FEEBIE(Catl)d CEEREER DR T ST PR

% o SEE SR B O3 4 > seeback A 2 f i PR 0T AR

ETINS

Ik

BlEE L8 S i T M seeback coefficient SEiF A& # 4r & A%

17



60 T v T v T ’ T v T v T v T
< [ “-. - % -2at%
> S0 LA --o -4 at.% T
. by W
5 [ ™ . e-"% -a-6at% -
g 40- ..“ ‘Q.A.h. ,
3 . c A .
) .. . ..
o 30 " .. . N -
& . . Tt -a
3 [ 18 L
1] * Tt el
S 20r . e -
= L .
g m-- - -E.e
g 10t -
[}]
3 L
2 ol i

300 350 400 450 500 550 600
Temperature (k)

Bl ~ % 3403 v 4085 Seebeck % #Bc¥ R B B (%8

B R TEE R AT A PR R BERRT BT
4R B (300K~600K) e seback fa#c KBl @5 Flii3487 &
chic % o P AEiE & Seeback G HE R > EFBRER TR
Seeback ©#cif< | 7 P BE s < - B2FX seeback &%l 0 L FLFE
W R ¢ K F1F 7 2L 5 seedback i @ Bod &

e/ TiE o

(Z )7 k348F 4% wens & )3 (power factor)

- BESRT R ARTH FHE S > B B d IT
®:[13]
2
2T =—- (4)

18



HP kketk, , # B 5d T F A5l B BT AildeafE l o
» % %7~ S 5 seeback e FIpt ARG B B R dcd ~ DIUT
FEEEY ARSI S RV UL AEEF T FBES BT F
BRT T -

0'5 L] ) ¥ ] ' ) v I ' ) ' I

T - ow -2 at%
N, 04l & -*-4at% i
§ ‘~'; -4 - G at%

g— 0.3F ‘: “ ° T
goz- . cu Al _
llltIE 01} * S N YA . . -
o o, - A

g ...

o 0-0 1 " [ 5 [ M [ 3 [ " [ 5 [
o 300 350 400 450 500 550 600

Temperature (K)

B 4 - ATERTFEREBERET I RER O FFFERH

Bt 2V i E 0w 300K e Gl  E Gl S 2SR
W H e RARARR o RIES F TR 2B RRERY S R
TR FE AT > FIUAPFERLER AT RIIREST

1%

BRSNS BBcES RS BN Y PR A B R

# o

PTY

&H
\\\?{r

19



(2 )7 I8 & (300K~600K)32 47 &

S

RIEE

i

w BLIF & en

£/

’ ;%‘ i

R 0% 1

=00
A

Bk

ot sl

a2
%

/

» BT R B

=)

(4t

)

5rBl(+ =

an
=7

20



- =

50.0k

€ 45.0kf ]
g @ ooz o -.... ”h i s S o

T 40.0k| 1
z t [=leatn ]
S 350kl e 2at% . |
§ X --A- 4 at% o |
2 30.0k} )
5 y N A‘.

S 250k} | aaa ]
(_6 s e T L SN, : <
S 20.0k| gooooomoeme ]
9 15.0k| _
m i =

10.0k

300 350 400 450 500 550 600
Temperature (K)

(a)

120k r T
EHDI{- i
= b - - . g - . " " - =
= 100k | . 4
-E';" I -= - 2 at% i
S 90k | -+ -6 at% .
= -4 - 4 at% ]
S gok| ..-*. FUEEEE AR
Q [ e i
E 70k | -
T i i
8 ank_ PO PEY

50k . - . : - :

300 400 500 600

Temperature (K)

(b)

R ERAOERS FERETEM 2B (a)250 nm (b)300 nm

21



KR+ o BaRy CEDETH B RERAST

TR RARF 0 R EF . T B AR > BT E B R MARS

B EAIEER 0 BEEF CEDREEEN S FR T P B E L S
RS E AN RERBAF & LER 300-600K hn T F R
(Figure of Merit) » 4345k & 5 6 at%eAZO 5 & % 250 nm F¥.
I E F S+ G 4 ZT~0. 025 P EME S0P REZD] B K
BEHL LR R MAEKERF T Foik

0030 — ¥+

~ 0.025} .

- S

5 X

= 0.020 & i

[ | Ry S

Q

S 0.015f SO oo i

()]

ic I = - 2at%

= 0.010 } - -4 at% i

N 1 A -6 at

0.005 | .
p - - - - - .':::-...-.-_:....-2*3 i

ooool—i— . -7 .

350 400 450 500 550 600
Temperature (K)

Bl-w 2 FERZIEF &0 F 73 (Figure of Merit)

22



B.3d 1;%

1.H, J, Thermoelectric properties of Te-doped ternary CuAgSe
compounds, Chem. Mater. 22 604-11 (2011)

2.J Flipe, et al ,Direct observation of the spin-dependent Peltier
effect, Nature Nanotechnology, 7, 161-168 (2012)

3.Jincan, Chen, The influence of Thomson effect on the
maximum power output and maximum efficiency of a
thermoelectric generator Kleinke, J. Appl. Phys. 79, 8823
(1996)

4.Toberer E S, May A F and Snyder G 2010 J. Chem. Mater. 22
624—-34 (2010)

5.Kanatzidis M G, “Synthesis, optical and magnetic properties of
hybrid a,a0 -oligothiophenecarboxylates/transition metal
hydroxide multilayered compounds, J. Chem. Mater. 22
648-59 (2010)

6.Lingen Chen, et al. Performance optimization of a two-stage
semiconductor thermoelectric-generator, 82, 300-382 (2005)

7.Joseph P. Heremans, Enhancement of Thermoelectric
Efficiency in PbTe by Distortion of the Electronic Density of
States, Science, 2001

8.0lga Bubnive, Optimization of the thermoelectric figure of
merit in the conducting polymer
poly(3,4-ethylenedioxythiophene), Nature, materials 10,
(2011)

9.B.D. Cullity, Elements of X-ray Diffraction, Addison-Wesley,
Reading, MA, (1978)

10.Yang Wang, N. Herron, Nanometer-sized semiconductor

23



clusters: materials synthesis, quantum size effects, and
photophysical properties, J. Phys. Chem. 525-532 (1995)

11.Nomura Keniji, Carrier transport in transparent oxide
semiconductor with intrinsic structural randomness probed
using single-crystalline InGaO3(ZnO) films, (200)

12. Nobuto Oka, Kentaro Kimure, Takashi Yagi, Naoyuki
Taketoshi, Tetsuya Baba, and Yuzo Shigesato,
Thermophysical and electric properties of Al-doped ZnO films.
J. Appl. Phys. 111, 093701 (2012)

24



