dilnvedyanan wizasunMaranseh

eumMsIveaiuaNyel

o a ¢ o v e d o e A a
maasnszrumhianaandumeiadiniudunnzviagmaslud@onin

Development of Spark Plasma Sintering System for

Synthesizing Thermoelectric Materials

d o w d
H18MaNI19198 ATINIHE TAUNUE

b OOZ’{?.‘? ‘-—3

14911"?“ i
)

"lmunuﬁﬁutmm]mimmnumuﬂsvulmuusm"lﬂ dszdrilanilszanas 2560

('I-Jﬂ:-] PPt

LAY “’l“:,! s

‘i“ lﬂn\! ll

ﬂﬂwl‘ﬂﬂ]ﬂlﬁﬁl‘i

@ = Y v o
fl'ﬂl‘ll‘I—!mﬂi‘iﬁﬂﬂﬂizﬂﬁmﬂﬁ“ﬂlﬂmﬂH'Iﬁ'i;l]ﬂﬂiz'l]»i


CLP13
Textbox

CLP13
Textbox

CLP13
Textbox

CLP13
Textbox


IanumAteaivauysel

LY ¢ o das o o e ¢ s d a o =
mi‘wm'u'li3‘1]1]’(;!1]1‘iﬂ‘ﬂ’i;l'lﬁil1“1!1!!91Biiﬂfﬂ‘Hi‘ﬂ’ﬂ’s‘llﬂ‘i'lz?‘i’m’ﬁlmﬁiiﬂﬂmﬂﬂiﬂ

Development of Spark Plasma Sintering System for

Synthesizing Thermoelectric Materials

dnemany10138 ATl IHET SAUUS

Esunuaiayuanddsnaduanlszinadunald dszdlanlszina 2560
) <
A Ingmans

o’ = v Y P
aoTTnRTlas NI NINA T W THTTa AN S Y



davumelulafnss I pUNA LI AMNUITAIAN U

Uszanteuussannd 2560 oo Snnuiuilnsunmsadvayy. 700,000 UM
seaLaINNTINe 1 U pawd_ 1 0.8, 2559 09 30 0.8, 2560

Fo-ana avihlasims wavdsaulasin1sdde wieausyy whonusdudein

1) Wantilasen1sivy
Yo-ana (Mwilve) foawmansiansd as. wseg1  Fauiug

anz Inendans aarvumaluladwssdenindidiqummsaiansels

2) {37
Jo-ana (nwilve) o gliuns duandsrin

Ane Angrdndns dontumalulagwssdomnandinuninsaIansels



il

Faculty: Science Department: __Physics

King Mongkut's Institute of Technology Ladkrabang



I
UNANYD

nuideidumsesniuulazadsssuvalisananaufunessedmivdunnziiagmesiug

Envsn Tageenuuuldssuuenidlasanisusenaude 7 daundng Ao 1) galasuninuarlas

Uszneudiudsidsdnlansesn 2)dwiesgyania (vacuum chamber) diYadlddiudiiaaunusn

o W & e

dpsEuiduazdesimdaidy 3) dusienszuansauuNad 4) diudiidedn onlantedn wavdiuds

v
@

AEwnuss sty Aasauesiausene wazunusanielus 5) diutmvaodu wazdndedududu

17 P
o

wasingesn assindu wdivegeudiu anslravastiivasidy 6) diuvieinvidesd i udWiunig

w
1 e =

wiouumsinnufusesggannd 7) drudaduzuiuau wnsidiazaunuea Tnglunuideld

audiunisaunandsluseuginatnulaseannsdsyilile ssuvaytspnatandusedsedwmsudunsiei

s

a d = v =
anweiludianvinladss

ArdnAny ¢ Wesludidansn, auasenanaun, nsduasevian



v

AnAnssuUsznA
Meideasilldsunuatuayunisidenanifumaluladwszrsunandinunmsainnseds
NNUNENUNUEAVYUNTINY sulsranaiugld angingimand dssianduaiuindde Usvdd

UUsEINN WA, 2560



UNARLENY Ny

UNAAGENHIBINGY

faanssuszma

= o @
1.1 anuiluntaganudinguoaiym
12 Jagiszasivesnsive

1.3 U8 UAAYDINSINY

1.4 I5AHUNTIY

A Aw aAd W
VNN 2 NTHIVENNEIUDI

v o
w o

= = I
2.1 MUUNNYITVDI

Uni 3 IFAIUNISIvY

=y o = = o
3.1 A5MIAUUUNITING

‘ﬂ' s o
UNN 4 HDNIIIDE

5.1 agimanis v

5.2 Yalauauy

é = A:‘l 9/ o s
unii 6 asUnandainldainanide

6.1 agiloFeuazsivazidvanandanuIteninga |

19NT1591904

ANARNUIN

MANUIN N

sz iavmiae



VI

sty

o =y

4 ¥ o v o
51U 1.1 uaasruasumsdunszi Tag s uuudadu

u

51U 2.1 uansladeinadomIRNvodAT ZT

il

1# 2.3 na'lnmsvaousiuwan

2.2 D52UAUMS 15 wanau Tumessa

Eah
=h.

€t

Ui 2.4 na'lnnseuiumsdunsediunuaiida wanau a3

gah

\ =1 = o
i 2.5 nszuUMIHANDUINTWRBINY

ca

D

: Y Y 2 o = da o w
§‘1JTI 3:1 Tﬂi\‘lﬁ‘iNﬂWWi?MﬁJﬂﬁﬂuuHULﬂ‘iﬂﬂﬁﬂﬁﬂwa’lﬁu'ﬁh’umﬂiiﬁ Ty

o o o 4 a o L)
dunsiziiaames ludiannsn
= o o & s A da 2 v
51 3.2 noulassdmsuszuuauuulnIesah A ENFUIADTII (3T9: tnannal)
:: o @ 3 & rd = oo @ =] EY
517 3.3 tungedmiunedassssuuduniuinsesahianmmndumesse (3ag: iMannal)
4 2 4 ¢ a m -
Uit 3.4 prumanas Tnsunanveassuudunuinissahinummnduaesss Nad1eess
1
i

Saht

3.5 matssaoug ez InsavasszuuduninsesathianaramFune 5 iviud

=h.

=h-

3.6 LUUMWTINVDIGRUYNIA (I09: TuaLad)

Qo)

1 3.7 nwudhfladesgyg e (Yaq: duatia)

3

! Y y g v Ay Heema o
Tl.h"l 3.8 ﬂ']ﬁﬁiWQﬂﬂQgiﬁmﬂﬂ’lﬂ'Wiﬂﬂﬁﬂﬂ"ﬂﬁ'ﬁ]u’!lﬂu “qul]'i\iﬂ’]ﬂ'lﬁﬂ‘ﬂ'lmulﬁﬁ

[

! o o <
51 3.9 mnhiesgyymmlszneudinu Tnsundn

51 3.10 szvvauAuuazsonsaa iiheswuwiad
510 3.1 uuIUAsTUONSALAUBATIMAY

51 3.12 drutlseneuyadaiidada dn leasesn uazdmudemaiunuda

il

1 o o oo W

Y
3.13 ﬂi%ﬂﬂﬂ‘gﬂﬁ&ﬂWaﬂﬂﬂ @ﬂ”lﬁﬂ'iﬂ'iﬂ HAZEIUAINAINUDA AAAINIATIALTING

Eal)
=).

4 % =] w
51 3.14 vupszUMhvdoBuseUsTU D DI YYYMIALAZ TOULNUDRA

~ ” 2 @ . < v v
Eﬂ‘ﬂ 3.15 ﬂ"l'iﬂ'iﬁﬂf]ﬂ'izﬂ‘ﬂlﬂ“ﬂﬁﬂ!ﬂuiﬂﬂﬂ']“v’ﬂﬂ’ﬂlllﬂu\llli%l]"lﬂﬂTli.liﬂ‘l«l'iﬂﬂﬂi]ﬁlgiyfgﬂW’(

10
11
11

12

13

15

16

16

17

17

18

19
20
20

21

22



HAZSOULNUDA

P 2 o A o o 1 1o 9 o o
Eﬂ‘ﬂ 3.16 ﬂ1'§'1_|‘i$ﬂE]‘]_I‘ﬂfﬂﬁ’ﬂ]ﬂ]']ﬂ'Iﬁll.ﬂ$1’]ﬂf’l’l°]]’!.ﬂﬂﬂﬁ’]H?UﬁQWTUﬂVﬁWSE]NiJ"lﬂi']ﬂﬂ?Wllﬂu

A w

Woagayna
; " g .
51l 3.17 m3szneu nszuenda uns A uazauauad savuglihiuiesgyanmedu
e ? = e
nupesesathianaIamIFumess

= o w3 v o = s a v o w
E‘IJTI 3.18 ﬂWiﬂigﬂﬂUﬂﬁ]ﬂﬂﬂlugﬂ a7 3$U1Jaﬂl13ﬂ5@ﬁﬂ IDITYUA NTDUNIATIANIUAU
il
7

1 4.2 Taseadamelussuuduuummiosathianarainduness

3
s

3.19 TuAUMITFUAT =T A S U suuRuI TR oedi s Ana 1N T UAB S 59

gl
=h.

a

Y] A < a o ) o e ad a
4.1 ‘iz'lJiJﬂu!.L’LI‘]JLﬂ3ENE‘T']JTEﬂWﬂ’lﬁiﬂCﬁumﬂiﬁﬁq‘iy’iy?ﬂTﬁﬁﬂlﬂﬁxﬂ ﬁﬂm@iillmﬁﬂﬂiﬂ

=h.

Eahy

Ui 4.3 udhamzdihdunszenlanuanudou vesszuudumninisamhianaiain

ot

p ®

= '

Funeisuazmidogunsalaenianiee

= Y o =
311 4.4 griranudu

€

Uh 4.5 Tnssad sz umaumsadoun s duly Aunds

ot

Ui 4.6 m3AemsuguaIMaasTug I

Caft

E
&

o ol a o =y 4 s
1 4.7 glluﬂ@uﬂ"I3T,’N!.ﬂi']Z‘iﬁ)'.]ﬁﬂWIﬂgillﬂlaﬂTI‘5ﬂ(luﬁg‘uﬂﬁutlﬂﬂlﬂ%ﬂﬂﬁﬂ’liﬂ‘l’“ﬁ’]ﬂﬂq

a

-

%]

=) €

= =1 = a o (%
wnedTegaanne ddulugames Tudidaninuazhimsaoa Il

22

23

24

24

25
26
26

27

27

27

28

28



1.1 anuunuazanumayvesym

10 gnsmaasmIlssvesnaselsz@u @ 2560) lAdmuald  Aumdsnunaunu eg

v
o o

L g 2 d 0y gqya 19 o o T N o &
aeud 5 Fadludaiaztouliifiui Aundsnundsaunaunuindudsddyszaulsema aniu
] ¥ Y1 aw K a4 Ao o Y o = Yoo dY Yo o
dmduazanzdinio Seauliiezivouaziann dundsnunaumy Fsnasdiven lddufiua
a ad ~ 1 @ LY o o w
WanmesTudidnnin widluna 3 I Teelwleniuldviaun ssrasnuidmmsdunsziiog

~ A a A = ad a e '
msafiTugames ludidnasaiamsonuanudouldiin 1000 ¢ Tugames Tudiannindand1dld
° o < 1 = a = a a
gnibiduuaeussaudennuanudeuuudwiwdames ludidanninly swaunsnvosadns
aa A o A = & a Yy a1 oa & a g
TAMuERAve 1601000523 304 “pounInudentianuanudeuniitnananlihimesluddan
Snedmelu”
¢ 4o ad a & g o < = : a ¥ A
ginsalmes ludidansniudugdnsal  Aounnfasunnuuandisvesgungiinnuseud
a & o @ A o o = v o & @
Aavuludauedliily i Idiudimeludios Semnsothulssgadiiusaduianasau g
Ed ' 3/ ¥ o 1 3/ 3 = ' <9 as g/ 4 a
anufeudngld Momguadanan anzdwiarulidesonosniuiannduruuszuumes ud
dansanaa Wdanmsendanaa Tavagssr Nanunaaumiuayuns I
o a = o = 5 = =) o
Faamo§ Tudiiansn dhudagnansonldsuanudounldiiluldih 18 Tasas oiufiludaeld
o - =y @ 1 o
it Seenunsatszgndifugunsaimes Tusidansndu s inanuieuldnarsnuumu dszgna
a g = <3| @ o a 1
mos Tudidnninadis Ifnnanudouninuaaas vdadludduialiihonanufeoulure lede
4
s00UA
aw o o [ a o a 5 .
Tuaidsvesasedrmd Idimsdauns e Sagmos ludiannsna1075 solid state reaction 1A6l
2 Y a Z v ) o X Y wig = Y e
TJuaoulsznoudls mawdeusaurIasasan andu lUdavugildremasauuuuunu@endnh

Y A o ar EL = ¥ o I
Aoumshrumsoa ldunsizd Tummn Ivuaounannagli 1.1

= e
Rty ponterals

Ee

&

L el

UiiL1 naatuasuMsFuns 1w 3 It uuudaily



2 am ar o o a g a asy o ' Z =] o d =
Fa3smsduaizd iaqmed ludidanindredsmsawnarnin dumsdaduuuuunu@e
° Yy 1 1 9 & T yq” =1 = q Y v 1 H o Yy ¥
wliigeainnielufousuau dawaliyuauiznuge Wusaldiisanununiueg Mldld
2 s o d Y = @ = Pl = R ] o o o @ o
Funundimsndunziudrinsesdavendn ldunalig s lummnzdmiumsiduiagmes
a g =) = v e a g a Ao o ] @ ° : s
Tudidnnsn maziina ldaautianianed TuddanIafdumdsnu1d higain dundanmsdu i
nnanuiould il
d'. = = 1 dy O ] o D %,’ 1 = = LY s
dednsandamydadamsdulddonanuouiu dArdszaninmasiundinuves
ginsaimes Tudidans nvzusiuduaszddaiagiiug NSend1 A1 Dimensionless of Figure of merit
< Ay 1 ' X ' q e 1 § = s ad =
(zn Taodlumi lifiviiae Fsdrar zzludaglatiawnn wedunadadugynsalimed Tudidaanin
Y @ w Y Y 9 g W a & A1 g Yy 1o W
udrnszamnsadundany fhnnanudoulduadi dmsu zr mungufiineziaild lidia
ualufagiiuiag meiTudidannlidregh bimu 2 dmiun zr lugediay awnsadiuiunn
quns ZT-0S'T/K iile o manwanutih v s de dulse@nidin TRefguvgl uaz K
' o ' Z 1 J U wa a g = o
o manmhanudou Tavar 0.5 waz K Wi 3 il Aemautaniumes Tuddaninvesdng lag
{1 3| v ° o ! " °
fian & Wurasuvesmammihnnuiouveawmzh iih(keuazmanmihenudonves Triueu
= o 9y U a [ 1 @ = c:’.{ =
(asanan) (Kp) Muaning K=Ke+kph dztiulang zr asulsduasanum Judszansduaian

a4 uaz aannisi vhiiaigs udvzud seadudy maamibianuioudedosdinidiuing tie

a

= = T oy ad = o ' o~ = 4
Wiﬂﬁm]ﬂi}ﬁﬂ‘iiﬂJ‘U'rJQﬂTﬁ3.I‘1,IF]’VIN!.‘VI@%TMﬂlﬂﬂﬂiﬂ‘*Uﬂﬁ'Jﬁﬂ Haaenl U310asioue il

o a da =t o A
G’N‘ljizﬁ‘nﬁ"ﬁmﬂ vaunsilune

2
“k d[mnoc(E
5 =£"**E‘kBT L()]} (1.1)
3 g AP
=1 Y1 = =) [ ey 1 T | dan-(E) = =
witu @ hamdudsednsFwaansosans iaigald mumauT FIA TV Y

Tuzduuvvesmanunuuninalszyldduihy ) azair IdiiAg et i

g()

AnlEY) {0 pidly ( )
dE

) Taga1 DOS fiflAa 741 Lﬁ@i‘i di19luiidveaiaalinn

q

Density of States (DOS) AUTUNIT (————

. a & P

aaa Tao DOS v=disusradlunny uALLAYANIL A1 DOS nuuSIna 1R tulufagiiilaseadia
=] o
Sl Nano-Structure TABAT2UINIAA Nano-Structure annsavilfida1d Tasmsduasizifagde
St . . = | " « ¥
19 Spark Plasma Sintering Tﬂﬁlﬂﬂ]lﬂﬁﬂ‘lilﬂﬂ Nano-Structure #3875 Spark Plasma Sintering 12ld

1 = w 9 A A Y
ﬂﬁnﬂﬂﬂ’ﬂ]lﬂaluﬁ’,lﬂllﬂﬂﬁ‘If]‘]J‘VITl‘L!’Jiimﬂﬁiijﬂlﬂﬂﬁﬂlﬂﬁ



aammninnuieu &) Ianvduiuiawaums x =, +x,, Iwemsiilia K aadiag
1 3 v
nuud i denanansgnudesduanazmanmmsi iy adshiezdamsnumenvesIduuey

AIFUNT

Ky = %cp(uph >lph {1.2)

Taw ¢ fie ManuaNuouveing

o A9 ANUHUILRIY

A < =
(v,) FonnuEIRALVELTHUEY LAz
Ly A9 phonon mean free path

I~ g1 g T v Y ) ' A o
w1 A/, A1ARIVETINA 1A K AA04AY Taom 7, vliAuilsAuauuunes

i ” Y Bl o Vo A o g ¥ 2 o q %1
boundary impurity ¥o4iag Fidannsah ldTagliumnaszdvulu lduda fezrhlva 7, aaas

a

=2 o Y a i 2 ar o Y o o ¥
Fam3ii1#1na boundary impurity W1aszauu Tu mmnsaildiduldonnaregduuumiu Nano
grain boundary, Nano grain size, naon powder TavnszuIni11i 17 a Nano grain boundary, Nano

orain size a3 1diAn ldH A IFans 1247 i99A 21078 Spark Plasma Sintering Iagna lnaniaina

q
CPy

1 =28 1 o 9 = 9
i}gulﬂﬂﬁ1lﬂﬁﬁ’f)ulﬂcluﬂ’4‘llﬂ ATTNUNIUITIUNITTUNINYIVE

=3 9 & o o ar o =g a g ady N 5 Y o o 1
%Blﬁu‘lﬂ’ﬂlﬂiﬂﬂﬁﬂlﬂi?$ﬂ'§ﬁﬂl‘ﬂﬂiiﬂﬂmﬂﬂiﬂ@nﬂ?ﬁ Spark Plasma Sintering UUT1ANYAD

a

=

man 1 14 irqmed Tudiannini Idquningann wsesdedind i dwdaglugldrads wd

51971 132118 5,000 531,000,000 US

[ e e e ischioa Spark L.
o z

veww &libaba com, =

A

o Y A o & o de ad A . .
aniuieliinsesduanziizames Tud@nnsnuuy  Spark  Plasma  Sintering 14

9 a a 4 = g o @ 4 a o =
Woulfiians vesnmzdnomans msizdulszannidsems  vanndag medludiannin uag



£y

o o4 & o o 2 ao A A A ] o o
TUATIEHOUNINYIVD l,mQﬂu‘ﬂuﬂ5316‘111461mm’awwugmmwwﬁnszwuﬂmam‘swmunﬁﬂ

e =S,

g 3

-4 ¥y a o de ad a
mans  Aundanunaunu asaindunuy  uaznsyszAviglnsaimed lud@nnin  uay
gammnITuNgsnu uagmstoumsaeuluimlfuanmsudsnunauny TussdufFanes uagin

o oo A 2

= o o @ o = a
Thesis Tuszavtiaydindny uaz msdsoluide Wanniagmes Tudnusn

o

o
[T

Sutunardunas g Seesenumazadia neq spark plasma sintering Yuiitod
lumsisedndaames Tudidanin e ldosdanuinnmsafiuszundaindn  annsavnszan
maTuTagliaunsoftemaueunzi ldgmsdanndszmaidituld  swlUfemaiennyaains
Sumsate atesdle  nBoumsaoumsise madawmanulizpnFinms  uaznias

a o ol = 5 ar = 1
@ dmsunsanuiisszaufSyoaas Tnuag ien de’ll

1.2 Saguszainueansive

4 4 o o o [y 4 a g =
iooonuutiazad1adiuaTed spark plasma sintering M5uduns 12 Taamos lwd@nnsn

1.3 YOUIUAUBINTTIVY
A vy 4 \ = B Y
INODBAUUULAZTINNAULUUIATDY spark plasma sintering Fauauveszuvlsznoual
1 [+] 4 T 1 o (] U 1 [y a1 ] ar
ddoumaney arunaelu daudionszuaiiinszuaass dandnguugil daudannudu

= 1 =
VoI Lazadu lalasan

ad o = = a
1.4 1EAUUUNIIIVY
=y

IS dutiumIITedmSuUNITenUUL tay a5 19AULLIS LI spark plasma sintering

¥ ¥ Ay oA

1. fudoya aeusn dndeduis Taniinrveafesdosde lumsadiuduiy

2. sonuuuyalasunanuaz Insulsynoudiudamdsdnlensosn

3. ooANUUIULE R0y 1Ae (vacuum chamber) AiTisos i dmdeidaunuda vesao vl
uazgonimaoiiy

4. 00nILUIAT AT IUTTIAATILDYAA

5. AadadIugyyInendouanAs iAA MUY

6.00nULLAzA YT INd e oalaasesn tazauAIMAWNUSA AU ARAINIAS

Jausana uazunuoanieluaa



3
o

B g v B 1 od = % 2 g a & o i 3 oa ¥
7.00NUUY LazaaadInaaIUIvaDlEey gazAaA U U LazAAAIA AT 1LY LAIMATEY

1 %‘ 1 =4
AU s Tvavesiviasdu

1 1 [+ 4 o s 1 ] (Y
8.00NUULLAZ A 1Id Wt auM Ry AW UTIHIUAY

¥ oo & £ s
9. 90NUVDIAZAE1 AIUBATUFUTUOIL uns WA

o

10. NAAOUMITUATIZHIAA

11. Asv@PULAZIA lvaARANAIA

12. AguswNUagl

a

NSALHBING

JzgzIaN

.9.

4.8

AL al.f.

LaLE

W6

1.6l

.9,

HAELHE

Y a/

1 AUy Tal

e]

51A1 AnABHUY

A

2 panuUuYA AT
=3 -

maniag 1nsa

1lszneavdIudg

fMassalanseosn

3 EI'EJﬂLLB‘ULL‘U‘UﬁJ@@
AYINIA (vacuum
chamber) ﬁﬁﬂ?@ﬂﬁ
gaudemaunuan
yoade Ivliazvoq

2 (-
wivasigu

A

Y

4 pRnuDULAZ A
35UV

AsZUARTIULWAE

A

Y

= 1
5 AanadIu
Auanmamioy

AT IAANUAY

A

h 4

6 DONIVLLAZ AT
Arudainaenn

oalansesn uaz

A

v




daudamanuen
ARszyUAL
AadaiAITALT
AR LAZLAUDA

malud

7 oonluulas

¥
a w1

v 3 '
ARANNBDTIUIVAD

o a g

¥ ow
10U uazAnAatua

< a & o

iU ATAAAIA
¥y ¥ d v
a51adugy 1as
NATDUAIUATS

it ¥ v 2
laveainasigu

A

A 4

8 pANUULLAZ A3
L 1 o
druneteumes
Ros dmSudIHTU

o
N

A

9 pRALULLIAZ A
D o d
dausavuzll

a"‘ Y o
Fua uns 1la

A

10 nadauns

o & o
TAUATIEHITR

q

A

A 4

15 AsvaauLae

uflygafianain

A

16 Wous1wuagy

A

A 4




= dr dr F2
NHININYIVDI

= A:i a:; 4
2.1 WIDENINEIVDN

o

Faaiamsandeuanuiowthu i 18 laeassiuiludueald Son Jaqmes Tud@anin

q

a o o ~ o o/ 3/

a g = & g a4 a 1
f1] Tﬂﬂﬂﬁﬂl‘ﬂ'ﬂ'ﬁiﬂamﬂﬂ3ﬂuu1ﬂu?ﬁﬂﬂﬁ1ﬂ’liﬂNuWﬁQﬁ'luﬂ’ﬂllﬁauﬂlﬂﬂﬁ]1ﬂﬂ31ullﬂﬂ@'N"UEN

q q

ada & @ o < o a A o
gangifiAavuuuTagiluldidundsou i 14 Taeas viviiludies Tasansadszgndity
ac = 1 a =
gilnsaimed Tuddnninldvaronuumu Uszgndmes Tudidnnsnahrellinnanuiounauaauaa
= @ o A n
vioiludaiuda liihananudeulunelo@osooud
a A @ o o de ad a Y @ w1 o o = '
UszanTnmmsdundinuvesgdnsaiines Tudaani nuuszulsiunualsziag laviiunn
L] . . p . 23] T { ] 1 U [ = : o
@1 Dimensionless of Figure of merit (Z7) [2} Wuath lifiviice Tasma zr Tudaglatisnn dierhin
Y & s dx ad a d o o ) ) o w a d &
afadluginsalmed Tudiaaninnzasmnsedundnuldnnasy  dviy zrawnguuziia
1o 10 v o ow o a g = ' 14 ) o ' ¥
18iddn nalutlagiudag mos luddansnliaehn Uszina 1892 dmsual z7 dumuise
dnnuldnannuduniug z7= o5’k e oo sanmanuih b s fle dulsznidua T e

' ©

U = 1 :: 1 E?‘ 1 ey
Mguiail nar Ko Aanminiuiou Taed o 5 way K a3 mil femmuianiunesTy

¥
=Y o o o

a o o o o 1 & 3| v ° o
SiAansndmsudaniug dmsua £ 1 dlusasivvesmanmihanuiouueawimziir i

(Keazmanmiiinnuieuved I ueuInsInan) (Kph) Ao K=Ke+kph 110 Ke A0 the thermal

conductivity of electronic contribution {0g Kph fo the thermal conductivity of the phonon AQUUA ZT U
oS’T

) SRk

o

anuduius gl Z7 =

Tumsdaunsed iaqmes Tudidansnialiiilsz@ninmguiuansai IdTasmsnanndag

= ] o A ' 2 a @ =
Tiie zr gevu TaoTidadofag i 1dm zr geaiuld du lawwgdnssudwaaslugli 2.1

- High Seebeck coefficient
- High electrical conductivity
- Low thermal conductivity

51U 2.1 naaafadeiinademaiiuean 27



= =] I ' o =) 2 b A 1 s o a g = w L A
110317 5 9zt 1d1 fh zrvesdageziigavuld demauiAmes ludiannInvesiaguu Um
o 9

suaz oA uar1 K dealiatesning uazdealiar 7 gauingdle @eanialyaun

aJ

2 =

) {4 o = d o a =t L A~ a d"‘
gangiiga 18) Weinsanmsilinesvia 3 drgadanuduiusiuai

<

dudszansaua ()

S:—kgln( " J
e No

uazaysaeuluaunIsues
2
T ks ,{ET{d[mo(E)]
3 g dE

mamnanni i (o)

s } Favzliargaunludag Tas w3190 nano structure
E=E,

o =eun
MamuaninnNdeu (K=Ke+ Kph)

xke=L ol

Kph tunzifeafoany Tiueu o l8nanasludonihde 1)
Lﬁa e A0 the electronic charge,

=S
f, 10 the Boltzmann’s constant,

A

L A electronic mobility,

2 . 4
n f18 carrier density,

No A9 total host atom site,

Lo A8 Lorenz factor (2.45X10° WK

@ o d = s Y o =] L ~ o A @ 1
naanuFuiuiveannilinesna 3@ azimuldn s o uag Ke TanugniudonToulidasm

@ 3‘; A A o T a 1
n e U IdoIm Iy 27 dremsideniin S uaz O Dazaawaliiiansannl Ke @de 3o d1deans

S
9

A 1 = 1 1 U o At A A o
Wiyl ZT frumsiaenan A1UBI Ke a9 AazdanaranIsanmIvoI oLz S A8 duiudsnangaim1d

3

A o

= U v w A A 1 & A £ 1Y) =2 = (B '
msuii zr i lddawadedldunie n1sidenan A1 kph Funerteeny Tnsandn ¥a ludanadons
= ' St o I @
wasuuasa ouaz s uazidenmariiu s dremsviliiduiagluTassaf1auuy nano structure

Fa'liTnademsann O @



o o ' 1 5 = o Aa 1 1
dmsumsannl Kalun1san a1 Kph sulludeteninanon13nuqual Kph [3] 818190

forsw 18910 nszuIun1ns=3a 1 ueu phonon scattering processes FemwIsanaaaluglves

; § = G : . 5 1 1 1 1 A 4
relaxation times 1A0N@UN13 combination relaxation time (7,) U —=—+—+— 1UD 7,10 the

Tce Tp Tp Tg
relaxation time depending on phonon-phonon scattering (normal and umklapp processes), 7, (=CD(D4) Ao
the relaxation time depending on point-defect scattering, 7 (=Vs/L)1§li ® the relaxation time depending on
boundary scattering
& & = A 4 = A . A
1o @ fe ANvDIvuen Vs Ao AWISNTEY 1Ay L AD characteristic length

M UMIAIAAIAIAITAYDA lattice thermal conductivity ¥o 1 Taga1eq Humuisaduaw Idnn
ANUFUNUTUDS callaway [3] ALl
G5!l E
ey (He, T\ x'e’
K piiwin) =75 "2 jfc(x) <
2l AY: e" —

4 =
de
1

wa K fio the Boltzmann’s constant
Vs fip the average phonon group velocity (two transverse and one longitudinal modes)
OD flo the Debye temperature
x=ho!/k,T 1o dimensionless with Planck.s constant
@ A0 the frequency of excitations

72 fi® the total phonon relation time

. < o - 9/ @ 1 A 2 [ oA o e J
VINAUNT Kphanin) vz 1@ mznodessumaaitiudulng asfiaunsodans 1dde a1 7,
Vs, (0
A & 1 3 Y1 A i A>T = o O ) )
LAZINBNWANTU AT, '"Ilzl‘}’iu]lﬂ'ﬂ A7 relaxation time YVUNUA ﬂ'ﬂllﬂiﬂﬂf]l! AIUUNITIANTTNUTUNIT
P 1) @ a 1 o ] @ w1 o o 1 L;
Y94 callaway 32iABITIAUATIANITAT AINA Tuou Fehag T duiusaumanuiG udes i 7,

. z " g’/ { o 1 = 1
(the relaxation time depending on boundary scattering) U U 1% MeddesiunInwTUT o Lazal

]
- oA

characteristic length (L) F4enunsasamsmidananlaniilfifamsnszdefivey uazdonihliifan L

a

5 a a a ' Aa . . =3
oo Fagnunsarhldifamsnszide uazan L oo 18 1uTnsead197aqNl boundary grain size v11a1an

¥
s o o @ a1

A o o @ 2 = °
B33 U110 boundary grain size IANTZAY nano 1A9A AaUMTIARUM Aph 1HTANToaa 1d



10

@ a a . . { o o A
Tasdnadanis inamsnsz@aIniuenTasn1sa$19911a boundary grain size MANTALnano YTy

709

5w o s o ] P ¥ L. o ) o P
ﬁ"lﬁ'i'Uﬂﬁﬁﬂlﬂ‘iWB‘H?ﬁﬂulﬁ]lﬂﬂﬁﬂllﬂﬂﬂﬂuuﬁ%]lﬂ grain size YA nano UU F1UITDTUATIEH

£

) o = = | S w A
ﬂ’lEl’J'ﬁﬂ"I‘iLL‘lJllﬁﬂTiﬂ WATTU FUINBDTII UINDSIDUAIU

3/ o

o o a ' = o a o
nsdunnziiaadis aihianaamndwaeise 4 Junsdunsizdiagdreniserdondns

a

o

nndsingmsal athia dasfadaoliih Fudlumsnszuaumsilimdanugs in msathiadae

o 'U of { [ = - = 3 dl
usdu Iihdweniadnszua AannsaIdifansmhialfguugiguiavummzn lagmunse

I Tgunail gaiia 2000 € MavumsAnIagilFduns iz lunardudwiios 581 20 1A
p 7 - 1 Yo P ' Y o A
Tﬂﬂﬂi%ﬂ'ﬂuﬂ’]iﬁ\uﬂi1$ﬂﬁ13uulﬂﬂ'ﬂuﬂ]ﬂﬂ‘l'iylﬂiﬂﬂ'rlﬂﬁﬂu%iﬁ$ﬂ15LEWisﬂﬂﬁllﬂﬁ'm’JUWﬁ3\’1']1“’!@}'3
A4 a & » Y am & = o )
un TﬂUﬂ33’]JTLW]!ﬂﬂﬁ]uiuﬂTiﬁﬂlﬂi”&%’ﬁﬂ’Jﬂ?ﬁ T;T‘]J'liﬂ AT FUIADI T ﬂi:ﬂﬂ‘umﬂ (HN3seivy
. . . ] ; P o 2 g
(Vaporization), (2)N13Ha0N (melting) Llﬂ$(3)ﬂ1iﬂﬁﬂnﬂ‘ﬁﬂ (sintering) NlFnaimsdansiziauase

o A =2 = s
auysal Wee 5 6920 0 Awaaelugy 2.2

Graphite Die

Vacuum Chamber

«*
Pressure

al o ) g
sufi 2.2 nszuUMs d1hin HaNE FUAD359

e e L v

= o o o o o o 9 Y a o
L‘L]L!ﬂ15ﬁx’llﬂ‘5']$ﬁ'ﬂ‘JJﬂ'l‘icl“lillixiﬂuﬂﬂﬁ"li@]ﬂﬁﬂ‘]ﬂﬂll!ﬂWﬁﬁﬁLﬂﬁ?&ﬁﬂ'JfJ uazl¥nanuel

s w & o o

1 EY
aszua linseiiiing Ja-da duiad dniunisdunsnediagmsniduszinayaaiiadaanis
) 5 1 Y s a o Y o 1 1 T k2 1 @
wazgannuioudunnanuiounnugadans ldiRamsdaiuasnudou nuunszvieldamns
@ ' ' & o2 2 oA a a o ¢ q Y 5 = s '
d1ed190t19Ne FalldszAnTamganalunmsduanzdaisualdndanud TavtiesAdsznavaiu

anqdmiumsine athin warau Aweaalugy



11

Current-insulated mode

Pressure- - ise currenl Current-assisted mode
Graphite
Electrode [+] = Thesmocouple - “punches
Graphite
spacer — ﬁ*ameﬂg'se »
“\‘“ﬁ*\s

Graphite maoid ~ .
Thermotouple = - = Molybdenum trioxide
powdst
_ " Pushrod
Graphite _ hole
spacar 5
Elegirode (-] =m0 oot / -
5 Elecirics
Pr@r& dist SpocEnneE éz;a!at?vir;ﬁ;ﬂs
510 2.3 nalnmsvasusunGn
=
Aa 1ANITHADNT INNAN

A d o a & 1 ] 1 [ = 9 a = =2
e mlhia Aase lﬂﬂﬂmﬂlui:ﬂ']'lﬂ‘]fﬂﬂ’J'N‘UE]\‘iN\'l'Jﬁﬂ INAA VU IDUTILNUGUNHUTIN
as 1 v L A4 o a = ) 2 a
nanewu luyeanau utﬂummsﬁmﬂﬁ’mﬂ ATTLLINY NTHADUUUNIVDIAIITE DINUULINANITHADY

= ar d. 1y o ‘g o |
smAanuvoe oAy ddealugii 2.3

Prazsure
Powde: pariclesiAl Kk

gy P '—‘//

X
g j!',—Echmrli

Vacuum | L o é
a3 % 8¢
18t
1478

//‘f' Dot o,
Powderpantces(s) TEX
Prossore
{1} Initiat stage ot goark dissoarging (1] Bansrabon o spark plasing {13 Mapofization and molting sctions
by ON-OFF pulse energization on the partticles suriaces

“,
o e :
%%:r,;‘*z-,;f‘:-: %
ity
Genamtanpd “Frigrrviss chifipson
ik diffusion Tayer

EREME FRDAC] DEERIR —

£} Benmration of spark impacs pessum, ; .
spurtering of vaporizenmoiten pariclss. V) Mook Fyrmalion by eperk piasma

4 . . p 5
1 2.4 na lanszurumsduanzvinuuaihin wanau Fueessa

o Pl s a da = v ..
flﬂﬂﬂﬁ%'ﬂ'Juﬂ‘liﬂilﬂ‘i'lz‘l’ﬂmﬂﬁﬂ'liﬂ WATAU FULADT T “]f\“lﬂ'izﬂﬂ‘ﬂﬂ’ilﬂ (HMasgine (Vaponzatlon),

o " PP
(2)MINABY (melting) LAZ(3)MIHABUNTIA (sintering) 3zIRANTAS HANVDITARMINTLABUAIL 1)



12

(AAMIEFDNAUYDINITTIAG (i) DA TN ITATHIAgIAAMT (i) INAMSUNTHABUT IHIVDN

o 9 o j = o . 1 e = ) Y
mataquindluidiofoanu uaz (iv) iwinasusudhunsuderny dwaaslugl

e Panide(B]

. {(IWaporization

\ & solidification
| @Volume diffusion
urface diffusion

o 4
R A ®Grein boundary
e diffusion ’

P ] = ar
31 2.5 nszummIvasuilunIwRTIAY

Y o o a 9 o =) - |
foRveimsFuaiziigadoaiin warain Fumesss fe
) Aagldanunuuniufy 99%iiisinimsnasusamniinvediiiagiaan
) 3 o L4 =2 = a < 2 =
2 dardunalumsdunsied 58320 wil msizAannuTeougnIIaG
3 mansedannziiaauuudould (bulk fabrication) lifin TA39037191 LY amorphous
4)  mNInMa nano-crystallization n1oludoniag1d

VIRY A A Y v & < a da ° o
muﬂmma Huﬂdﬁual‘ﬂ@ﬂﬂllﬂﬁl!ﬂgﬂ"SN ﬂull‘ll‘l.llﬂ‘iﬂdﬁ‘lj'ﬁﬂ AT BUIADTTI OTHIU

s d ar d Aaog a
dunszrIiaqeslud@annsin



13
a
Unn 3
asl o A a s
AR UHUNTIVY

3.1 IEMIAUHUMIIVY
E 9 dtl d a da o 'S d o d o e a
mseaniuutazade Aununsesathianmamnduaeisahimiuduanziiaamosluadnnin

UlaseadaninIagsiunannsgli 3.1

%

]
el

4
‘i

105

¥
5

ol
|
=
]
D==]'

A: Vv Y A o = LG ) o
57 3.1 Tassadunmsinvosdunuuinsesathianmansuwanise fmiy

o o o o ad a
dunnziiagmei ludiannin



14

3/

o
AU

adona

4l
N
< 1 1 o
1. eonuuuya Insauvanuas Insalsznevdiuaam

aoumsaanazeenuuuiuuemiy auilszaevdesld 8 v
Yiomlansosn
2. PONUVVUUUAIURBIGYYINIA (vacuum chamber) Niivoalidudadidunuda yeaas 1

nazrenivdeiiy
3. 9ONUVLIAZ A 1NAIUTIONTLUAATIU WA
s.oonuLnaraiedudaidisa §a'lansain Lazduaaiidunusa sl Ansanns
Jansang uazunueanisluaa
5.00N1LY HAzRRRIO A AT IlzRaraiinhidu tazAadad adniidu udmaeu

' 3 1oa

dau ms lvaveuimaaimu

6.0 VIAZ AT NA W am Read I Ud wumandauwas Tan nudute gy
TR o & 2 ¢

7. 00NUUVIAZ AT RTINSV UFUTUI uas IWfuazauauag

8. NAAUMS T UAT I I]
A W e o v A
Sz PYAIANZ THADUNITAINLAZDNIULAIY
3.1) MIONILVHAZ A3 1952 ULDA 13 IATANUBZNIATIAN INAUNTOA

3.1.1) nuulasiasia
A V=
| -
\\\ > B
b 5 X
S - sl S|
= = = =iz =
i . S0¢
-
A




15

- 0. wi o A s -~ on o w 2w
E‘l]“ﬂ 3.2 !.L‘U‘UTﬂ‘3Qﬁ'l‘}"i‘i‘]_l'525‘]_|‘]Jﬂ11!.l‘]J‘Ulﬂiﬂﬁﬂﬂ'liﬂﬂﬁ1ﬂll"lc]ﬁ!mﬂ'iiﬂ ('Jﬁﬂ: IHannan)

500

a Stz Plate =15

— " & o A P a oo @ o o
51 3.3 npupudwmiuneasessuudunyinsesadianaanTwaeise (Jag: ivannal)

3.1.2) msadanazmsdsznevyninsiaig

H
=

= 2 v A ¢ a dn Y a
gll‘lfl 3.4 gﬂl'J']QLLﬁ%Tﬂ‘S\‘i!.ﬁﬂﬂ“{lENSx‘LI‘LIﬂuu‘U‘]JlﬂiBQﬁﬂ'l‘iﬂWﬂ'lﬁll'l"])’umEJSSQ NGERNRER]



16

=

a o 9 A & a T
g‘lJ‘n 3.5 fniﬂ'izﬂﬂﬂﬁ'\UQ%‘illﬂ:IﬂiQLﬂﬁﬂﬁmﬂﬁzﬂﬂﬂuI,L‘]J'lllﬂﬁﬂqﬁ']hﬁﬂWﬂTﬁNTWH!ﬂ@iSQWWUﬁ!Lﬁ?

s

3.2) PANUUUIVUAIUHOITYRNNIA (vacuum chamber) dvolAdIudIMmaunuda vomeliuas
-
Poarviaoiiu

3.2.1) uuuﬁaaqmﬂmulmﬂ (vacuum chamber)

51 3.6 nUDNMSIVRRIGYYNIA (TT9: AuAIAT)



drunvaduanan NIZIvNNAIAIANSSI R

L7

P kY 9 o Y v 3 g A = o
3‘]]1‘1 3.8 NSATNHOIGYYNANITDUNDIHADU YU VUITINNITGTUAUIAT

149117



y o o =]
517 3.9 mahdesgyymeszneudiiu Tasaman



19

3.3) ponuUULLAZ A EIHENT IS LT

511 3.10 szuvAILRUUEIwnszud T unvias

3.4) 00AMU LAY AFIIEIUTINEI0A OA 19503 N Az AIUFINMAWIUDA ABITINY AAAIINASIA
159na Hazupuaanalua

3.4.1) ULFIUNIZUDNOANNUDATINIAY

]
)

1575

2, Tha

ol
IR




20

sUfi 3.1 LUV IUNTTVONTAUNUBATIAE

3.4.2) a1 uazsznevdIudamaion onlaasein tazaHaIMaunuoa AsINAY ArRwNAsIA

159na tazupudamelui

51 3.12 daudszneugadeiidada daleasesn uazdmdaidaunuen



21

517 3.13 Wsznouyadatiaidn onleasesn nazdiudimadwnuda ARAILIATIANTINA

3.5 ) oonuULLAZ ARG B A B HaY tazfadatliudy uazAadedd ad1ariidu uanaaeu
T “cJ 1 =1
U M3 IHavehvidody

3.5.1 uuulasaada




22

51 3.14 npszuphvasiuseuszuURoIgYMALEZT OULNLOR

3.5.2 msanwazlszney

y o (-] o o <
51 3.15 msiszneuszuuthudeduaindnhanudu luszueanuieuseuiosgyymeaaz oy

LAUDA



23

3.6) POAULLNAZ A NIUNIMFResd B Ud UM NS ouas Tannuduio gy e InA

w A 3 a ) ooy 4 o [ | &
m3tlszneudins wesszuuilugyama nasiannuduazieMy@osd mSudwrumanion

asiaanuauiogyInA

=t E VoA o o 11w v o )
31 3.16 M3lsznevluguInma MR VYA HTUAIIUMNINTOUNIAT IAANUAUN D

GETRLRG



24

¥ 1 e 4
3.7) oonuuumazad NTIHe AU UTHIIM unslila nazaunae

14 - | Y o Y 14 A d o da
371 EﬁN!Lﬂ$ﬂ§Sﬂi’JUﬂT.Ii’)ﬂ‘llugﬂl'll’lﬂ‘ljﬂﬂdQ’t’gﬂlﬂmﬂﬂulm‘l]!ﬂiﬂdﬂﬂ1iﬂﬂﬂ1ﬁﬂ1°ﬁulﬂﬂiid

4 o o j s 4
51 3.17 madszaen nszuenda uns Tld uazaumuan datuglidinuiosguimadunuunies

o = o=
RV RG SR LR ER

3.7.2 ahanazilsznousruudaiuziliussuudalaasedn mnaigiin ihduuumsesahianaa

a day
HIBULIAND I

P : o g v o = d = k1 o o
51 3.18 mailszneudadatugll dae szuudaleasedn mineigia niownasinaNuay



25

)

o <
3.8) naaaUNIAUNISHIAR

i P ) o L v A g & i b v A

ATzUIUMIFUATIER G UduIAM T asArundunasnvdadiu Tuanaznan Idituile

= o Y o a A Y . A d s a2

Aoy udnhinussyluranaafAnionyUAIBTT VU YURTUUA ball milling NUWALS Ao
=] ar L = 1 :'/ ° P

fluduaegmoluviauaziiueansaadrislumsua nathraaiifiganauuailondlousanasea

v Aad ¥ A P ) 1 o W & 2 v &
Tlepauldnuniiiudsaiin udnondrlunszuondavugihiudr liduaszilussvudunnumso

o = =
giianaa@nFLIRe I

o d
NITUIUNITIUATICH

8
o

= o 7 o @ Y A L4 = oo
g'lj‘ﬂ 319 ‘Uuﬂ'ﬂuﬂ'Iﬁffdl,ﬂT]gﬁﬂ'lﬁi‘]_ligﬂﬂﬁuu‘lj']_liﬂﬁﬂﬂﬁﬂ13ﬂWﬁ1ﬁu1‘lﬁuLﬂﬂiiﬁ



26

UNN 4
HANI IV

4.1 MIvONUULMAZAZIY
9/ A o = = @ d o o = o = A o El
sruvdunuunsosmhianmduFuneisadunsiiaqmos luddnninieiimaaiig

5o o |
d15eliTnsaadedsgiln 4.1-4.7

o

a ) A P = g o . 45 ad  a
31'7] 4.1 iSTIJ‘]J‘f’luLL‘LI‘]Jlﬂiﬂﬂﬁﬂ'ﬁﬂﬂ’éﬂﬁiﬂmumﬂiiﬁq‘ﬂ]ﬂﬂlﬂﬂ1ﬁﬁ\‘]!ﬂﬂ$‘ﬂ'3ﬁﬂmE]iIﬂJ'E]Lﬂﬂﬂiﬂ

a v D 4 ¢ = i=
s 4.2 Tassahaneluszundunuunsaamhinnamnauneise



27

v £ 9 8/

a o v ) A s a s
51 4.3 Autanagdumihiilunszanlanuanuion vesszuvaunuunTesathianaamnsuwaes

FauagminogUnIalaonIea1Y

¥ o <

i
3 4.4 gviAnuguy

A v o v v Y v Y o
3U7 4.5 Tassadsszuumumsaion s dwlu Aund



28

EY
o

o o ¢ o J5 ad  a D) A P a g
31]1‘1 4.7 ‘U‘L!ﬂ'Eluﬂ'ﬁﬁ\?Lﬂ513H’J’dﬂL‘ﬂEl‘iT‘LI'E)Lﬂle'5ﬂ!lu'izll‘UFI‘NLLUIIL?!5@Qﬁﬂ13ﬂWﬂ'\ﬁﬂ1°ﬁu1ﬂﬂiiﬂ

gaama dfuTugames Tudidans auazimsasdn Tvih



29

UNN 5

aguran1sIteuasdaiauauuy

5.1 @sunan1siiy

MavedlauseavaudusalunmsiauissuumialisanaiaunTunessedns uduasiegi

Y]

ad = o @ v & w &
aﬂLm@ﬂNaLaﬂﬂ?ﬂ %QQ‘LUﬂTﬁ_WWH{LWLLUU%UW@UWQU

1. Mavagelassvadnuarlasisznaududsriadalansein

2. MsiRnEIUiDLaLINIA (vacuum chamber) Fiflvaslwdindsrhdunusa Yaselnuay
dosnvdafu wardruvedeutimdey

3. NMSRAILAIYTIBNTTRARTILUUNGE

4. Msanndsingedn SelenTesn Lagdiudsdunusa Aetdat Andnasiansing uas

wnuamanalue

o £ E4
@ e 2 ° &

5. s vieduiivanidu wasRarsnundiy wasfnsen adeiy wdeaavdiu ns
vavauivdsiu

v i o P | v & = <
6. wazaiduvietouineies @udntuzuinan unslid

Faldszuumnasana sl 1Buine ST nlAnau TANMIzaLlun saAsT izt Tagmesiudiaanin

4 s

fa A msuduaseiivnesiudiann3nbi i e NneILLLiInng 80 % Liaedinimsvanusiunin

vad Tanndedy. Tduaduninlunisduasierlunafl du dssuime 589 20 il iwsgiia

2

AnuSougItuTInge dunmiianuuuneuld (bulk fabrication) ldifinlaseasnauuy amorphous

waz @u13aifie nano-crystallization anelufouTanld

5.2 UolauaNUL

o

luruddeiifdosdifmuinsdunneiiannasiudidnvinainssuumaUisanaiainduineise

£ '
= = L=

sanarintusn webilsdannesludidnninndussansamlunsdundsnuy



30

unil 6 a3UnaREANlAAINMUITY

6.1 #7UT1870UATUAIRUANANEANUITLNHEALA
seuRananaInlasinTIsefldsunisiaassiiuise
1)ASHHELNSHNAIUNI939In15(Publications)

1.1) 215819 52AVUIUIYIA (International Journal) 2 1594

[1] C.Rudradawong, C. Ruttanapun, “effect of excess oxygen for CuFe02.06
Delafossite on Thermoelectric and optical properties™, Physica B: Condensed Matter, Volume
526, 1 December 2017, Pages 21-27. (ISI IF(2017):1.386)

[2] Piyawath Tapsanit, Masatsugu Yamashita, Chiko Otani, Sriprajak Krongsuk, and
Chesta Ruttanapun,”Closed-form formulae of effective parameters of hyperbolic metamaterial
made by stacked hole-array layers working at terahertz or microwave radiation”, Vol. 34,
Issue 9, pp. 1930-1936 (2017), (ISI IF(2016):1.843)

1.2 Yssgu3vInTsEauYi

[1] FigaAns JunItseiiv uaslusug Souius, Lﬂ‘%'aaﬁuﬁ@"l,wﬁ'w%l,umumLﬁﬂmn"i’a@] iy D
, ALMN,O” msdszmdvinisiederewdwuuwiessmalnendsd 13 uil 31 wouaau- 2
figuieu 2560 o lseusy Avdumsa Weodln

(2] FearTand WIRLLNYS, TNSNEE NJUNLS UavltTrgn Sauius, “FunuurapIt a3
weguniige? MsUssgilinmalaietiendauuissmalneadedl 13- 1ud 31 wownnaw- 2
figuieu 2560 w Tsausy Avduinsa Weodln
2) AuLUY
2.15:AUaUfjuRnTs (Lab Prototype)

TARULUUAUBUUATatAU S ANE 1AL TR DS

o ows o 4 = a s a s s aa
3) 8v3UR 599 “nssuItnsuAndsdezdiian (Zn(0O,CCH3),2H,0) mnna_umiﬂisnawuaﬁ'ua:ﬂiﬁawﬁm(CHECOOH)LLaz

nanAmsildannsuasanann”



31

N9 1999

[1] A. F. Toffe, Infosearch limited, London, 1957; D.M. Rowe (ed), CRC Handbook of thermoelectrics,
CRC, Boca Raton, 1995,

[2] D.M. Rowe (ed), “CRC Handbook of Thermoelectrics”, CRC, Boca Raton, 1995,

[3] J-C Zheng, Front. Phys. China. 2008, 3(3): 269-279.

[4] M. Suarez et.al., Challenges and opportunities for spark plasma simtering: A key technology for a

new generation of materilas, Chapter 13, Sintering Application, Intech. 2013.



32

MARUIN D

UNANMHBUNS

UNANHHIHIBIA

[1] Chalermpol Rudradawong, Chesta Ruttanapun, “effect of excess oxygen for CuFeO2.0s

Delafossite on Thermoelectric and optical properties™, Physica B: Condensed Matter, Volume

526, 1 December 2017, Pages 21-27. (IST IF(2017):1.386)

[2] Piyawath Tapsanit, Masatsugu Yamashita, Chiko Otani, Sriprajak Krongsuk, and Chesta
Ruttanapun” Closed-form formulae of effective parameters of hyperbolic metamaterial made

by stacked hole-array layers working at terahertz or microwave radiation”, Vol. 34, Issue 9,
pp- 1930-1936 (2017), (IST IF(2016):1.843)

UszguInminnma

[1] figapns Jundusedv uasiwswg Sauius, “aiostidelwidwavuindnandan zn.,
ALMn,O” ﬂ'}iﬂizﬁgaﬁmﬂmﬂ%m}wwé’amuwwimﬁlmﬂ%gqﬁ 13 Jufl 31 woeaau- 2 Iquiay
2560 @ Tsausy Aduwsa Wesll

[2] Fo ¥l wivnings, Sn3ngu nauius Lasluswyl Sauwes, “Fuuuuniostiislnidiua
guvinias” nsUssauivinnedediendinuuissemalnensadl 13 Tuil 31 wgwneu- 2 Sguney

2560 u Tsausu Aduwsa [Wealwv



33

[1] Chalermpol Rudradawong, Chesta Ruttanapun, “ffect of excess oxygen for CuFeO2 .6
Delafossite on Thermoelectric and optical properties”, Physica B: Condensed Matter, Volume

526, 1 December 2017, Pages 21-27. (ISI IF(2017):1.386)



34

Physica B 52

Contents lists avoilable at Seience Direct
Physica B

journal’homepage: www.elsevier, com/locate/physb

Effect of excess oxygen for CuFeOs. ¢ delafossite on thermoelectric and

optical properties

Chalermpol Rudradawong, Chesta Ruttanapun’

® CrossMark

Department of Physies, Feeulty of Science, King Mongkut's Institute of Technology Ladkrabang, Chalenglrung Rd.. Lodkrabang, Bangkok 10520, Thailand

ARTICLEINFO ABSTRALOT

Kepwords:

Cupper iron oxide
Excess oxvgen
Thermoelectric oxide
Optical properties
Mixed valence

This work presents the role of excess oxygen in CuFeOu i, compounds on thermoelectrie and optical properties.
“The CuFeO. g specimens were synthesized by solid state reaction method. X-ray diffraction technique has
confirmed the CuFe(); structure for the specimens. In particulary, CuFeO, o specimen reveaded the structural
extension of lattiee parameter: a and ¢. Also, the specimen found increasing excess oxyvgen of approximately 3%
as a resulted enhancement of mixed valence state of Cu™ and Cu®™ ions. XPS showed mixed valence state of the
Ca~/Cu® jons, and Fe'™ and Fe*™ ions was also found in the CuFeO. . specimen. Mixed valence states

contributed the co-existence of hele and electron carriers for tonduction. Consequently, electrical conductivity
of the CuFela , specimen increased up to 23 S/cm at 873 K. Also, increasing Seebeck coefficient was shown to
be approximately 302 V7K at 873 K The CuFeQ, &, specimen was found power factor to be approximately 2.1
% 107 W/m K at 873 K. The indivect optical gap of CuFells o5 {240 V) was lower than that of the CuFeQs
{2.60 eV). Thus. thermoeleetric and optical properties were governed by an existence of exeess oxvgen.

1. Introduction

Recently, semiconducting CuFeO, delafossite compounds are stu-
died on thermoelectric materials. Previously {1.2]. the thamoelectric
properties of the CuFelds compounds reveals the high Seebeck coeffi-
cient in the range of 230-800 p¥/K by increasing temperature. The low
thermal conductivity decreases with the temperature from the finding
in the range of 3-1 W/m-K However, the disadvantage of the CuFeO,
compounds is low electrical conduetivity of approximately 2 to 12 §/em
while it increased with the temperature. Inversely, a good thermo-
electric material requirves high electrical conductivity similar to how it
reguires high Seebeck eoefficient. The performance of thermoelectric
materials can be considered using power factor { PE=8"g) where 8 is the
Seebeck coefficient and o is the electrieal conductivity. Thus, the
Cu¥eOy compounds received an unpmvement on the thermoelectiic
properties at high temperature |1

An unit cell of hexagonal LchOz de*lafmqtc structure with space
group: R3m is produced by alternative stacking lavers in the ¢ axis of
linear Cu’™ jon and octahedral Fe®* fon. The Cu” fon is connected hy
linearly two 0% fons (O-Cu-0). The Fe®* on is conneeted to six 9%
ions which occupies the middle of the octahedral [FeQg]. A space of the
Cu'*-Cu' jons (3035 4) is large enough for oxyvgen jon (1.36 A)
insertion of occupy the tiangular Cu planes as the oxygen ion cannot
pecapies the Fe planes because the space of the Fe™-Fe® jons as

* Corresponding authe
E-inail addresses:

ptenther 2007
wvier B.Y. All tights reserved.

smaller than the size of the oxygen ion. The vxygen insertion in the Cu
plane as a vesult the Cu* jon is oxidized as Cu™ fon in the Cu planes.
Consequently, valence state of Cu™ and Cu®” fons are mixed in the Cu
plane of the CuFeQs structure. Accordingly [6-8], several works found
mixing valence state of the Cu®/Cu™ iong corresponding to the
chemival formula Cu* 1_38{:’-“2.1-26}-'.(’{)2.,.3. Zhuo et al. (91 and Mugnier
et al. [} stadied an oxygen non-stoichiometry (8} of the CuFeOp.s
compounds, Moreover, the Cu™/Cu®* ions behavior were also created
by a substitution of divalent M2* (such as Ni®* {11, Sn®* [} and Mg™*
{119 in the Fe™ jous site corresponding 1o chemical formula
Cu"1_,Cu:‘x}"e:"";_xl\!:",.()g. In previous weorks {81112}, the Cn'/
Cu®* behaviors showed significant vole for a control of the electrical
properties. The valence electron of Cu® d" was oxidized as Cu** &
accerding to a creation of hole carrier for electrical conduction. Thus,
the CuFeO, compounds could improve the electrical conductivity by
enhancing of the mixed valence state of Cu*/Cn”" fons as controlled by
incrensing excess oxvgen. As a rasult, the free carrier was enhanced in
the CuFelog structure. By literature. He et al.
CusFeO NPs by wsing Cu(NO3)» and Fe metal for starting materials
as resulting from the Fe formed a complicated redox reaction with the
Cu®* iow eausing to highly mixed of Cu™ and Cu®* ions. In same way,
the excess oxygen in CuFeQ compounds can be produced by using
metallic Ca and Fey04 powders as starting materials as affecting from

the metallic Cu actively reaction with FeaOa by convenient solid state
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reaction method ander air atmosphere, This method does not differ
from classical method, but it can inerease a mixture of Cu” and Gy
ions as effecting in thermoelectric power properties. The excess oxvgen
hehavior was often found by doping a divalent cations method.
However, there is no report of excess oxygen effect in CuFeOs
delafossite on thermoelectric and optical properties.

Therefore, this paper investigated the effect of excess oxygen far
CuFeOs. s delafossite compounds on thermoelectrie and optical proper-
ties. The crystal structure was characterized using X-ray diffractometer
(XRD} while excess oxygen was measured using thermogravimetric
analysis (TGA). X-ray photoelectron spectroscope (XP'S) was used for
an investigation of valence electron state. Moreover, optical band gap
was analyzed using UV-VIS spectruphotometer. The eectrical con-
duetivity and Secheck coefficient were measured similar 1o how the
power factor was reported. The mixed valence state was observed on
the thermoelectric power factor.

2. Experimental

Excess oxvgen CuFeQq (as CoFeQqy. gispecimen was synthesized by
solid state reaction method. Starting powder Cu (99%) and FeOy
(99%) were mixed and crushed inan agate mortar following Eq. 035 On
the other hand, the CuFeOs (a8 clagsical CuFeOa) speeimen was
synthesized by method of mixedd the CaO (99%) and Fe.0z (99%)
pveders using Eq. (23 The mixed powders were caleined at 1323 K
under air atmosphere for 20 h. Then, the caleined powers were rapidly
quenched at ambient temperature. After that, it was crushed and
pressed into a pellet. Finally, the pellet was sintered at 1323 K for 20h
under air atmosphere.

(2)Cu = Fedy + Op — (2)CuFe0s + (1/2)0s (1}

(2)Cu0 + FesOy = (2JCuFe0, +:(17/2)04 @)

Structural CuFeOs was charatterized using X-ray diffractometer
{XRI: Rigakn, Miniflex, Cu K-alpha radiation) by the scapning 20 in
the range of 10-80" degree using stepping interval of 0.02° degree.
Lattice parameter ¢ and ¢ were caleulated using the Miller indices of 2
peaks in the XRD following the d-spacing Eq. {5

=
- 3

4o i(h;M) bt
P G = {3y
Thermogravimetric analysis {Netzsch: STA H9F3 Jupiter) analvred
changing weight in the specimens by the heating rate 10 °C/min from
425 K to 1373 K in sir atmosphere. The valence states and camposition
of each clement were assigned by X-ray photoelectron spectroscope
{XPS), Kratos, AXIS Ultra DLD. The chemical compoesition was again
confirmed using enersy dispersive X-ray analysis (EDX). Ziess EVO
MAL0, In addition, the absorbance was measured using a UV visible
spectrometer, Seeheck coefficient and electrical conduetivity were
measured using ZEM-3 Ulvae-riko from ambient temperature 1o
873 K under helium gas. Lastlv, power feetor was reported.

3. Results and discussion
3.1. Spructural properfies

Fig. 1 shows XRD pattern of the CuFeQs.g specimen. Major peaks
revealed the charseteristic of the CuFeO, delafossite phase which was
confirmed by a standard reference of JCPDS card number 39-0246
relating to a space group R3m. A small amount of the CuFesO4 GICPDS
card number 25-0283) phase was found in the CuFeQq.5 specimen, as
well as the dassical method. However, the XRD pattern of the
CuFeCs.s specimen not displaved in the metatlic Cu phase, because
it perfectly reacted and formed into the CuFeQ; delafossite structare.
Lattice parameters of the CuFeQ,,5 Specitmen was caleulated approxi-
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Fig. 1. XRD patterns of the CuFeQzps amd CuFed, specimens.

mately a = 3.05and ¢ = 17.26 A, which was enhanced from the CuFeQ,
of @ = 3.03 and ¢ = 17.14 A The result revealed structural extension
and corresponded with increasing lattice strain (g) from 0.00043 to
000054 of the CuFed, and CuFeh.s specimens, respectively. The
lattice strain result was given by using the Williamson-Hall equation as
expression by

K s o
gil‘ucosﬂw—”?-?--k:smﬂ, @

where 2 B, D, h and K are the lattice strain, the full with at half
maximum (FWHM) intensity of the diffraction peak, the grain size,
wavelength of CuK, and the Scherrer constant. respectively [ 13]. The
Cu pewder could directly reacted with oxygen in an air atmosphere at
high temperatare {> 773 K} A5 avesult, the Cu atom was oxidized
into the Cu” ion | 16}% A strong reducing agent of Cu atom could also
react with the Fe.0s As a result, the Fe'* ion was reduced to a small
portion into F¢® jon in the Felayer, which showed evidence in the XPS
result. Therefore, the structure was expanded due to the radins of the
Pe? ion (0.78 A) being bigger than the Fe®* jon (0.64 A} [17]. In
addition, e excess axveen was defined by using the TGA, which is
shown in the Fig. 2.

Fig. 2 displays TGA curves of the CuFeQs.p specimen. Initially,
there was a weight loss dueto the koss of humidity and hydroxyl in the
specimens. The weight in the range of 550K and 1300 K of the
CuFe0,. y specimen increased approximately 3% as corresponding to
§ = (106 while the weight of the CuFeOg remained a constant. Above
1300 K, the weight sharply decreased due to being near melting point
at 1363 K. The result showed that the increasing of excess oxygen is § =

to4 104
103 103
102 102
=
= 191
S
2 o 106
= - il e i1
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= 98 : Ld08
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% |
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Fig. 2. TGA curves of the CuFeQ., specimen by comparing to CuFeQy specimen.
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Fig. 3. XPS speetra of (a) survey (h) Cu 2p () Fe 2p and (d} O 1s of the CuFeQ. . specimen by comparing to CuFe. specimen.

3% as relating to CuFeQa g for the chemical formula of this specimen.
Previous works found a mixture of Cu*/Cu® jons due to excess oxvgen
in triangular Cu, according to a chemical formuld Cu’ 1o 06005
{6-&]L The enbancement of excess oxvgen alse affected to structural
extension. Because the Cu™ jon was oxidized into the Cu®~ fon and the
radins of the Cu®~ jon (0.57 A)is higger than the Cu” fon (0,46 A) {171,
the CuFeO.p, specimen absarbed excess oxygen inthe triangular Cu
layer more than the Cu¥FeQ, specimen. The charge compensation vould
be presented in chemieal formula t!u',_(x,zaél‘u:*h351-’(:‘1"1_,‘}?e2“,402+a
Pi8l The valence states of the Cu and Fe jons were shown in the XPS
result.

XPS measurement was performed to investigate the elemental
composition and valence electron state of the CuFeQgpg and CuFeO2
specimens. Fig. 3 shows XPS spectra of the Cu 2p, Fe 2p and O 1s core
levels for both specimens. ¥z, %{a) shows the survev spectra in the
range of U—1080 eV, which is assigned a4 combination of the Cu. Fe and
G for the both specimens. These compositions were correspanded with
a cadeulated ratio of the Ca/fFe, which is approximately 1 for the ratio.
In addition. the ratio of Cu/Fe alse was investigates using EDX. as
shown in Table 1 and Fig. 4.

Fig. 3(b) shows the binding energy (BE) in the range of 928 and
944 V. All specimens showed Cu® ion strongly at 932.6 eV while it also
revealed a mixture of Cu®* jon at 934.5 ¢V { 191 In particular, there was
streng mixture of the Cu® and Cu°" ions states in the CuFeOags
specimen. Fig. 3(¢) shows the BE in the range of 705-715 ¢V while
assigns for the Fe 2p core level The BE peak of both specimens
attributed the valence state of the Fe®™ ion spproximately 71035 ¢V

Table 1
Atomice ratio of CuFeQug, and CuFel specimens by XPSand EDX measurements.

Spectmens - Molar ratio (atomic weight %}
XP§ EDX
Cu 2p Fe 2p O1s Cu K Fe K oK
CuFeOags 072 75 258 @99 098 202
(1812)  (1864)  (6324) (2484 (2401} (50.56)
CuFeOs 0.73 0.76 251 104 100 195
{18.13) (1%9.12) {62.76) {26.12) {25.08} {48.80)

£204 In addition, the BE showed the valence state of the Fe®” ion while
contributed to the BE of 709.0 eV {201 Consequently. there was a
mixture of Fe™ and Fe® ions in the structure. The CuFeQs g specimen
showed ¢lear mixture because the center peak of CuFes g specimen
decreased at BE of 710.3 ¢V, Fig. 5(d) shows the O 1s spectrum in a
range of 527-535 eV by a consideration into two peaks. First, the BE
peak showed the (0 jon in the CuFeQs lattice {Oy) corresponding to
the BE of 528.9 and 530.0 ¢V for the CuFe0, and CuFeOs 4 specimens,
respectively, Second, the BE peak assigned to an absorption of livdroxyl
groups on swface {0 while corresponded with the BE of 5315
{CuFe(y) and 531.7 (CuFeQy ne) €V {21 ] The OH could be absorbed
stromgly in the CuFeO. specimen. Thus, the result indicated that the
CuFeOgzge specimen is more stable than the CuFeQa specimen in
atmosphere,

518
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Fig. 4. EDY speetra of (a) CuFell: and {by Cu¥Fel, o specimens.

3.2, Optical properties

Fig. 5 presents the opdeal energy gap (Eg) of the CuFeOzgs
specimen with comparing to CuFeQ, specimen. The &, was assigned
using the Taue relation, (ahv)” = Blhv — E ) where ¢ is the absorption
coefficient, B is a constant, hv is photon-énergy and the exponent n =
0.5 and 2 for the optical indirect band gap and optical direct band gap,
respectively. Fig. 5a}, the direct £, in near nlravielet range shows
excitation energy from the valence band edge (0 2p} to conduction
band edge. The CuFetd; g6 specimen found a divect E,; approximately
3.45 ¢V while the CuFeDs specimen showed approximately 3.60 ¢V,
Similarly, Fig. 5(b) shows the ndirect £, with the excitation energy in
the visible range from the valence hand edge (Cu 3d) to conduction
band edge. The indivect 5, of CuFe(y, g (2.40 €V} is shown 1o be lower
than the CuFeQ, {2.60eV) specimens. The high Co®* and Fe® fons
level were created in the band gap of the CuFeOuys specimen,
contributing o 4 reduction of the optical band gap. These results were
in good agreement to previous works of Ruttanapun and Maensin [19],
Benke and Koffyber {221 and Ong. et al. [2

B3 Thermoeleehic propertes

Fig. 6{a) shows temperature dependence of the electrical conduc-
tvity, The CukeQ, specimen showed the electsieal conductivity in
range of 3.6-115/um from 303 to 873 K The obtained electrical

conductivity is close to-a value of polverystalline CuFe(), from previcus
work {181, The CuFeQy e specimen displayed a behavior of semicon-
ductor 8 contributing to electrical conductivity slightly increasing with
increasing temperature. The electrical conductivity of the CuFeQ, 00
specimen was higher than that of the CuFe0, specimen of all
temperature ranges. The highest value of CuFeQugs specimen was
obtained approximately 23 §/em at 87% K. The activation cnergy of
electrical conductivity (E, = Ep- E,) was estimated from the slope of
Arrhenius plot. The eleetrical conductivity is expressed as following

o) = Gyt mg“]
WL G £ T )

whare o, i% a constant of the electrical conductivity, K, is the activation
energy, kg is the Boltzmann constant and T is the absolute tempera-
ture. Fig. 6(b) shows the E; from a plot of lng versus inverse
temperature. The CuFeQs 4, specimen showed low £, of approximately
0.027 ¢V, while CuFeO, specimen required for E, of approximately
0.050 eV, The E, results clearly indicated that the CuFe(, g, specimen
required an activation energy lower than approximately 2 times of the
CuFeQy specimen. The electrical conductivity was depended on the
coneentration and mobility of a carriers (o = ngu). The equation can be
expressed as

{5)

& o= quxp(E]Bexp[ M'”]
kT kT {6)

(@)

(cthwy (erm}’
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Fig. 5. Optical properties {a) direct band gap (b) indirect band gap uf the CuFe0; o specimen commparing to CuFe(); specimen.
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Table 2 vy 7T
The activation energies of the CuFe0? pe and CaFel: specimens, Fet T
Specimens  Energy gap (eV) Activation energy (eV) (7)
Direct band gap  Enditect band gap- £, ES o e where Neg+ is the acceptor ions, Ni? s the donor ions, E, is the
acceptor fevel, Ep is the donor level, Ep is the Fermi Jevel, ky is the
CuFelhe 345 2.40 0027 0013 0004 s I 77, Wiy y ey b -
CluFels o s 0051 @ o, Yokl Boltzmann constant and T is the abselute temperature. The egquation

where Nis the density of states, B is the mobility constantand £, 15
the activation energy for carrier mobility 1235 The modified electrical
conductivity equation indicated a sum of the ackivation energy {E, = Eg
+ By ep) for carrier conduction. Thus, the Eye..; was assigned feom the
difference of the £, and Es. as shown in Table 2

In previously, Benke and Roffyber {127 and Dordor. et al. {241
fabricated p- and n-type CuFeOq compounds. The p-typeatiributed an
acceptor level of Cu®™ ion for a ereation of hole carrier. As the n-type
wias formed by a donor level of F&& ion for a creation of electron
carsier. In this work., the Cu®™ and Fe® ions arise in the both
specimens. However, the {ubc{}z a6 Specimen found a strong mixture
of valence state for Cu®” and Fe?™ ions. Therefore, a negative ionized
aeceptor ion {N;_ul-j formed near upper valence hand edge. A positive
ionized donor ion 1?\1;3*; was formed near under conduetion band edge.
The jonized ions are considered as following Eqs. (7ay and {7y 1251

N,

K- N+

1 up[ oF

{7a)

shows that the N, () inverse propartion of activation energy
By = By = E¢ (Eyey = Er - Ep)ior cardier mobility. The E, g, of the
CuFelds; gs (0004 ¢V) is lower than CuFeO, (0035 ¢V) specimen,
Therefore, the carriers of CuFe( ¢ specimen moved more casily than
that of the CuFeO, specimen. Conseguently, the electrical conductivity
of the CuFe0. o specimen increased highly. From the previous works
254, the carrer transport mechanisia is dominated by variable range
hopping between neavest neighbor atoms, which contributed the use of
Mott's formula, o rs,,cxp(——gxm in which Ty is the temperature
relations with a localization lr:lngth of charge carrier and density of
state at Fermi level. Fig. 6{c) shows the natural log o verses 77 plot.
The carrier conduction was controlled by variable range hopping
mechanism. The carrier hopped between nearest neighbor atom in
the Cu and Fe laver.

7 shows temperature dependences of Seebeck coefficient of
(nh()auﬁ while it is compared with CuFeQ, specimens. The
CuFeQg g speeimens displayed the semiconducting p-tvpe which was
governed by hole carrier while the behavior is found in the CuFeQs as
well. The CuFe(, specimen showed a ranging value from 261 to
288 nV/K by increasing temperature from 303 to 873 K There was a
value close W a polyerystalline CuFeQs in previous work [19] The
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Seebeck eoefficient of the CuFeQ, g specimen was enhanced from 263
to 302 pV/K by increasing temperature {rom 303 ta 873 K. This result
displaved a little more than that of the CuFeQ. specimen of all
temperature ranges. The total Seebeck cocfivient of the CuFeDs
compounds was deminated by the carrier concentration (S.) and the
configuration entropy (S,) terms as § = 8§, + 8. The Seebeck coefficient
(8g) of CuFeQy compounds was often deseribed by configuration
entrapy, which was governed both the spin and the orbital degeneracy.
The 5, was given by modified Heikes formula as following:

g ot ;n(i—i-]‘

¢ lgd-y

{8)

where gy and g are the spin.and orbital degeneracy of Fe® and Fe**

#

ions and y is the concentration of the Fe®* {26}, Increasing Fe™ jons of
the CuFelq g spechmen should contribute to decreasing Seebeck
coefficient. However, the Secheck coefficient of the Cu¥FeOs ¢ specimen
showed higher than that of the CuFeQs specimen. All of the value
increased with inereasing temperature. Thus, the modified Heikes
formula was not appropriated to consideration of the Seebeck cocffi-
cient hehavior at high temperature (> 300 Ky

In general. the semiconducting behavior was an enhancement of a
carrier concentration with inereasing temperature whereas the Seebeck
coefficient and electrieal resistivity were deereased with inereasing
temperature. However, both specimens showed the inereasing Seebeck
coefficient with increasing temperature. The XPS result represented a
mixture of valence states of Cu™/0u®" and Fe'™/Fe™ jons affecting a
coexistence of hole and electron carrier. The CuFeQ, structure was
consisted of linear Cu and octahedral Fe sub-lattices. The hole carrier
was activated by Cuo®” jon in the linear Cu layer. As the octabedral Fe
Taver created electron carter by Fe® jon. The both specimens showed
higher than one tvpe of free charge camriers. Thus, total Seebeck
coefficient can be given by | !

T ©

where subseript 1 is the tvpe of carrier for partial electrical conductivity
(a;) and partial Seebeck coefficient (8. The tatal Seeheck coefficient
was not only contribution to a partial Seebeck coefficient, but also
depending on partial electrical conduetivity, The total Seebeck coeffi-
cient of Cu™y ppa0s:C® coasFe™  Fe?™ 0y 5 compounds can be given
by

Seuipy CFegey

3

Scam + Speteys

Scaths FOkeer Feuiiy T Ckesr;

(10)

where 1t is the hole carrier and ¢ is the electron carrier 19,291 The
Seeheck coefficient represented the enhancement with increasing
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{ temperature dependence of Seebeck coalficient of the CuleQa, and CuFed; specimens.

temperature because the electrical conductivity would increase faster
than decreasing Seebeck coefficient. The activation energy was defined
with slope from Seebeck coefficient formula in term of carrier
concentration, which is shown in the Fig. 7(h). The Seebeck coefficient
(S.3of the p-tvpe CubeDy compounds is expressed by (26}

5 J_H( +a),

S\ g

where Ey 18 the top edges of the valence band, Ex is the Fermi level, kg
is the Beltzmann constant, e the is eamier charge and A is the transport
constant dependence of seattering mechanism and is assigned a value
between 2 and 4. the S, depended on difference of Ep and Er or
activation energy (Eg). The Es of CuFeCGage (0.023 ¢V) showed higher
than CuFeO, {(.016 eV} specimen. The electron required minimum
energy for transferring from valence band to aceeptor level of (L023 eV
for CuFeOage specimen while CuFeOs specimen required 0.016 ¢V,
The Fermi level of CuFeQups specimen was shifted to higher energy
level because of inereasing minority carrier {electron} which leads to
the enhancement of Seeheck coefficient,

Fisy.  shows the power factor variation with temperature. The result
showed that the power factor of the CuFeQapg specimen is higher than
that of the CuFeQs specimen in all range teruperatore and higher than
that of approximately 4 times in the range of 303-573 K. In this work,
most of the power factor was Tound to be approximately 2.1 x 107 W/
i K2 a2 873 K for the CuFeOs og specimen. The shtained value also w
indicated similarity the high power factor of the CuFe0, doped by

Ep—Eq¢

T {1

2.4 - 24

132 —0—3 :ﬁ:ss;ai Cu¥eld, . 22
E —@— CuFed,

2.0 2.06 " 2.0
2 —°
21 /0 L8
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Temperature (K)

Fig. 8. Temperature dependence of power {actor for the CuFeQup, and CuFeQ.
specimens.
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and Pt {1,230 In addition, it also showed higher than that of the
delafossite fam'lies without doping such as CuAlO, (305 CuCrQ, {31}
and CuRhOs (371 Excess oxvgen of CuFeQagq qpeumuz dominated an
enhancement of mixed valence states of Cu™/Cu® and Fe™/Fe?” ions.

The behavior cantributed an existence of hipolar carrier transports, as a
resulting of increasing power factor in the CuFeQa 4 specimen.

4. Conclusions

The CuFeQy o specimen showed the delafossite structare with an
excess oxygen of approximately 3%. The CuFeO; g5 specimen showed
high mixture of valence state for Cu”/Cu® and Fe** /Fe?” ions which
was examined using XPS. As a result. hole and electron carriers were
activated fur electrical conductivity. An enhancement of the mixed
valence states dominated existence of bipolar carrers and increased
hole and electron earriers for conduction. The indirect energy gap of
CuFes o was lower than that of the CuFeQa. The Scebeck coefficient
and electrical conductivity increased more than that of CuFel, speci-
men. The highest of Seebeck coetficient and electrical conductivity of
CuFe0s g6 specimen were found at 73 Kapproximately 302 pV/K and
23 Sfem. respectively. Consequently, the power factorwas increased up
to 2.1 » 107 W/mK? at 873 K in the CuFeQs aq specimens.
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A metamaterial made by stacked hole-array kiyers, known as a fishuer mesunaterial, behaves as a hyperbolic
metamaterial at a wavelength much lonager than the hole-array perind. However, the analytical formalae of
the effective parameters of a fishnet metamaterial have not been repureed, hindering the design of deep-subwave-
length imaging devices using this structure. We report the now dosed-form formulae of effective parameters
conprising the anisotrapic dispersion relation of a Hshner metamaterial working at cerahertz or microwave fre-
quency. These effective parameters of a fishner metamaterial are consissent with those ebmined by quasi-full
solutions using known effective parameters of a hole-array layer working at a frequency below its spoof plasma
frequency with the superattice period much smaller than the hole-array pediod. We also theoretically demon-
strate &ecy-submvdeng&ﬁ focusing at i/83 using a composite structure of u slit-array laver and a fishoet meta-
material, It is found that the focused intensity inside a fishnet metamaterinl is several dmes larger than that
without the fishnet metamaterial, but the transmited intensity is still restricted by a large-wavevector difference
in air and a fishnet metamaterial. OQur cffective parameters may aid next-generation deep-subwavelength imaging
devices working uader teraheriz of microwave radiation, | © 2017 Optical Sociely of America

DCIS codes: (170.6725) Terahertz inaging; {050.6624) Subwavelergih structures; (180.5018) Metarmaterials,
hiipe/fdol orgh0. 18641305AB.54, 001930

1. INTRODUCTION

Abbe's diffracdon limi resrricrs the spatial resolurion of eprical
imaging w abour & half of the wavelength of Hghe {11 This
oprical barrier is caused by the positive dicleceric constant of
an serropic medium in which fight propagawes. The dosed
equi-frequency contour (EFC) of such o mediam prohibies
the propagation of largewavevecror waves thar encode sube
wavelength spatial resohudon (2], The diffraction fimiz can
be overcome in an anboropie medium with Jdifferent signs
of didlectic constanes along an optical axis denored by ¢,
and a transverse axis denoted by e This srong anisotropy re-
sults 0 a hyperholic EFC, which lends such a medium e
name hyperbolic medium. The opened EFC of the hyperbolic
medium allows the propagations of large-wavevecror waves,
thereby surpassing the diffracton timit [3] There are twn wypes

o ke a hyperdens [31, whereas a wpell hyperbolic medium
finds application in subvavelength focusing [6]. Both wypes
have been found nﬂmz’zﬂy in %u:x;zgomﬂ boron nitride \W)rking
in the mid-infrased band {7} However, a hyperbolic medium
mrust be Glirteared anaﬁcﬁxﬂy in niher frequency bands, 4 strue-
e koown as a I’tyf!:rim!i{ meramaterial (HMM). In near-
mfrared w UV bands, the HMM is made by alternating metal
and insulaos davers 6,81 Effective medium approximation
(EMAY yields the effective parameters of this strucrure when
the thicknesses of the mewl and fnsulator are much smaller
than the working wavelength (9], The effectve parmmeres
of the HMM reveal thar the HMM's negative response comes
from the negative dielecrric canstant of the metal below #ts own
plasma frequency. However, I a wraherte band the pon-
ionizing energy of which is promising for non-invasive bio-

of hyperbolie medin: type [ with £, < 0. £, > 0 and wpe I
withe, > G2, < 0[4]. A gpe-1 hyperbolic medium is applied

G740-3224/17/091930-07 Joumal © 2017 Optical Sodlety of Amerca

medical imaging [10,11], the metal behaves Ttke a perfict
ehecrrical conductor {(PEC) and the alwernating memd and
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insulator favers cannot be applied 1o these frequencies.
Pendry er &l have shown that a2 memwllic hole-array exhibies
a spoaf plasma frequency at the hole’s cowff frequency 1121
The stacked hole-arnty layvers, known as fishnet meramaterial
(EM}, have been employed w make loweloss, negarive-
refractive-index meramarerial in near-infrared and visible bands
working ac a wavelengeh slighdy longer than the hole-army
period [13,14]. The FM \\‘Orkilig at a wavelength wwuch k.’uz;gm‘
than the hole-arrav period behaves & a byperbolic medium
as shown recordy in the microwave band [15] and the near-
infrared band [16]. However, 10 the best of our knowledge,
the dosed-form formulae of the offective puramerers of 2
FM, which are in principle equivalent ro those derived from
the EMA of the alernaring metal and insularor layers, have
not been reported. The lack of these formudae hinders the
design of FM-based deep-subwavelength imaging devices that
can work at wraberiz or microwave frequency.

Here, we repor the fist closed-form formulac of the
effective parameters of 2 FM working in the wrahene or micro
wave band. The elfective paramesers are confirmed with guasi
full sohsions {QFS) usifg 4 homogenized metallic holearmy
fayer, We also theorerically demonseare subwaveleagrh focus-
ing using the hybeid structare of a slic aray ad 8 HMM,

2. CALCULATION METHOD
A. Effective Medium Approximation

The cffective paamerers of a FM can be rerrieved from the
zerath-order reflecrion and transmission coefficients, denoted
by r and s, respectively, of a FMs unit cell; a5 shown in
Fig. 1, by applying the following equarion [16,175:
fe
= 1 22

P

cos{dd) =

whete &, is the langhudinal component of 7 wavevector and L
is the thickness of the FML Given the frequency and cransverse
component of the wavevector, the FM's EFC can be drawn by
computing £ from Eq. {1} sumerically Tn Figo L the metal
fayer indicated by grav is approximated asa PEC valid for tera-
hentz or microwave raciation, Rectangular holes of hole widdh
b2 a are periodically perforated oo the PEC layer wich
period p along x and y axes. An dnsther laver of thickness
d, indicared by blue, is combined to the hole-array layer of
thickaness # w form a superlattice with.pesiod p, = 4 dalong
& axis, We are interested in the deep-subwavelengh scale, and

fgﬁm‘)

<

Fig. 1. Schemaric view of & FM's unit cell comprising merallic
hole-army and insulator layers. The incident elecrric field E9 is
polarized over the 3~z plane indicared by an orange recrangle.

sowe impose two assumptions: (1) p 2 and {2) o & < 2.
The lasrer assumption leaves the TEg, waveguide mode de-
noted by {r{TEq} as the dominant mode inside the hole.
Both assumprions have led o the imroducrion of speof sudace
plasmons [12], The structure is excited by transverse magnesic
M} incident light whaose elecuric field and wavevector Bie on
the x-2 plane, but the magneric field is polarized along y axds.
The wansverse components of the incident electric and
magnetic felds are given, respectively, as bllows:

EE) = B o ek, b )
P o Y Bt (xth, ), )
i3

where Ming” stands for incidence; “in” stands for input £, is
the amplitude of the mcident electric field along x axis w
is fangular frequency; &y =w/c P BB b,
Eg kg wheres,, is the dieleewic constant of the inpur medium;
{elb b )= x'x{:!z'{'u.,x)f;) is the zeroth-order Bloch basis func-
tions and ¥ 0= e ko 07 is the zeroth-order admirwnce
of a T™M wave in the Tnpat medium, The impedance, expressed
as B/ H i thus equal w iy foreg Vi, Admircance in another
region s obained by adjusting ¢ and 4, corresponding 1w that
region, Ie will beseen Iater-that 2 term containing admitance
correspontds 1o the coupling rerm. Te should be notwed thar
Guuss’s law is applied w obmin £5° from EX™, and #17
is obmained from e electric feld by applying Famday’s law.
The zeroth-order reflection and nansmission coefficients are de-
fined, respectively, as factions of £ g reflected from and trans-
mited through the strucrure. Then, the » components of the
reflecred elecrric field, denoied by £ mansmined elecric
field. denored by £ and internal elecrric field in the insulator
layer, denoted by E17) are expressed, respectively, as follows:

Wiy A}

n}

)’:i‘.” == }‘Exm,ii‘:‘“\’z{r]}x, ‘Q&'}Y
EY = gt S, i ®)
AL AD 1 gl k) @)

—F

{oy I iy
where 27 Vg = I Ry s Ea ke where £, 15 the

:
2 -

s z 4 (dy
dieleenic constant of the ouspur medium, £ = Y
kg = [Erkg, and ¢4 is the dicleceric constant of the insulator
The remaining components are obiained by the x component of
the electric field in the same way as the incident light

I a couple-mode amlysis [18], one writes » in terms of the
hole's field coefficient £, and ¢ in rerms of the holes field
m
coefficient o expressed, respectively, as follows:
- {113 . ¥
Eow=Ez=0), Eun=-E'G=8 6

ity
where £ s the x component of the TEy waveguide mode
{f':w_;m = 0}, Then, £, and E,,, are foand by sniring two linear
equations constructed by applying the continuities of £, and
H, at interfaces in front of and behind the hole-army Tayer.
Afier applying these boundary conditons a2 = 8, the
zeroth-order reflection cocfficient can be written as

roe= ool Ee &)

whese s = 4 sinc(b 723/ pic /2. Note that in the local model
as adopred by Pendry er 2l [12), sinc(d,6/2) = 1, and, thus,



T 45/;112“\;’?,. We will also follow this model hereafier. We
also have the finear cquation of £, and E,, wrirten as follows:

imn
(Y50 = Yos JEimbhes by TEay ) = Gt Eove (o &1 TEy }
sy rdind
= ¥ U ik by {7}
e L & zthi u*' 3
where vy = (g Thobeot gy’ Gy = (% F i;?wd’ss; .
hi i ihy 13 . . f li

&y = oy by and gpy = V- (7Y, Equation (7} is valid
for any nonzero {k,, £}, which can be taken out from the equa-
ton. By mubiplying the obuined cquation by {TEq| and
applyving the orthonormality {TEy {TEy )} = 1 excepr on
the wrm having admitance on the left-hand side of che equa-
tion, which is considered 1o be the term de sseribing the coupling
of two waveguide modes via the zeroth-order diffraction mode
18], the firse Hpear equation of Eyand £, for e region in
front of the bole-array layer is wiinen as follows:

{f:;e:s = Vo 3'[;.2;: 3 G{"}j Em;: = jl?’ {8)

where €, is the inpur mupling parimeter, expressed as
Gy = i}":,i?ls: and Jfo # 2iV5 ik 'y, Afer applying che conti-
auisies of £, and Ay arz = dand 2 = p_, and using the same
coupling idea as in the previous case, the zeeoth-order transmis-
sion cocfficient and the seeond lincar equation of £y, and 2
are written, respectively, as follows:

it

.
200"

@

16 gy,

’he i éG‘!.ﬂ Fa }Eum =10, {16)

i L

where ¢y = #57d, and 7, and Pl are the mransmission and
reflection  coeffidients from medium ¢ 1w f expressed,
respectively, as follows:

e = 2¥a s S Ko {11
W =N T P S TV

and G, is an output coupling paramerer, expressed as follows:

. 1w fhs e 4 -
("mii = ‘5}"4.“ ('_ﬁ{i“—ﬂ,;ﬁ_ SZ i (’.—\n _ﬂ“: {1a
.] % Pt Ty

L
where
¥y
"Y‘-m sin Q’éh" - ?-'?' cos ¢¢i,

oty = Vi .
T iy singy - Y, cos ¢y

By sobving Egs. {8) aod {10}, we obtin E,=
{Gou—7m }fl;,fﬁ) amd E = i!,;; T/ where Q= (G - v I x
{G e Yo 1 - (:,,i which then complete the solutions of r and
£ It should be nowed from the solution of ¢ thar the resonant
positions are now determined by bogh zeros of Q as in the
case of a bare hole-array layer and zeros of the denomina-
108 1 P,

To obuin the effective parameters, the inpur and ourpue
media are defined 1o be the same medinm. By substituting
#and ¢ cocHlicienss back into Eq. (1), we obrain 2 complicated
equation that can only be simplificd by assuming shat

(44

o

T

.i.%e._se_ : ch Arﬁc!_e

Er};m < 1/2 and il < 1 These two assumptions aliow
us to approximaze sin Py &gl sin 2007 2 2007 and
wos g, ¥ cos 2y & 1. Since only one univ cell is sufficient
w rerrieve the effeceive pammerers, we can also approximae
that cos{k.p )} & |~ (k.p.)* /2. Then, the simplified equation
can be written as follows:

_ LRI
gt e o M {(13)

P ]

By subsrituting *}25:’ and BV = \Je i - &2 inro Bq. (13},

we finally desive the anisarropic dispersion reladion of the FM
with effective paramerers listed as follows:

. -

£+ = = b, (19)

H, = 1 £ O
i o) .f:h }xfw
i (é‘?;'f{;»i» w- £/ 118)

whete £ = &fpois sthe filling ratio of the bole-armay layer,
#‘ s i f 1y el ]' i i the spoof plasmuz ﬁu:iﬁcm\ expressed
as follows:

fo= 20! ;dwwﬁifww
L \ £‘(,uf“;r + £k

These effective parameters indicare that the FM behaves like
# nonwagnetic insulator mareridl slong 2 axds (sinee g, = 1 and
£ == ) and like o metal along x axis with effective diclecrric
constant £, wrirten in the same form as Drude’s model. The
nommagnetic praperty of the FM comes from the assumprion
shar both meral and insulator layers are nommagnatic. The FM
is @ type-ll hyperbolic medium ar frequencies below f in
which &, < 0, but becomes an elliptical mediun ar Qn.quenucs
above _f'?, in which £, > 0. The j;o of the FM is lower than that
of the bare hole-array Tayer, which isequal to £, = o/26 /&
{121, and both eoincide when f, = 1. For a thin hole-
arsay, Javer with fo« 1, f; approximarely equal w
o e\ F i b JE. This means thar the spoof plasma
frequency can be lowered by deareasing /7, and incrensing &
and &0

{18)

B. Quasi-Full Solution

Another way wrertieve the effective paramerers of a FM is by
first homogenizing the hole-array Li’\(.r with the effective 2
componens of the waves cwr a.qmi 10 q{i,f and the effective
admittance equal to ;r“'g; gm "85k [12], Then, the wansfer
matrix method is applied to compuie » and 7 of the composite
structure comprising the homogenized hole-array layer and in-
sudaror layer, which is also excired by T™M incident lighe whose
electric field is polarized over the x—2z plane. These coefficients
are wiritten as follows:

£ =Say /S ram (81 8y - 8282}/ 2 (17

where §;; is a matrix element of the scartering marrix defined by
8 = T, T, T, where the mansfer mamices T, Ty, and
T are expressed, vespectivedy, as follows:
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Lo = . (18)

"‘f’:{‘.nur{d’d‘ e

Finally, the » and ¢ coefficienss are substitued invo Eq. (1) to
numerically compure £ for given £, and frequency.

We compute £, from the anisomopic dispersion relaion
with ¢, =g, =1, and £, =0 for a frequengy zbove
the speol plasma frequency, and &, = n/p for s frequency
below the spoof plasma frequency. The spoof plasma frequency
is obrained ara frequency position arwhich the real parrofe, is
zero. The choice of &, will be explained larer. This method will
be called (§t!;as':~ﬁzﬂ solution (Q_ﬁk] hereafies. Te the best of aur
knowledge, this is the firsetime char QFS has been applied wa
FM. QFS cannot explain she negative refractive index of a FM
ar a wavelength close w the hole-array. period stuce it acglecs
diffesction modes ba] 2 1, which contibue ro the gap-spoof
surface plasmons {13},

3. RESULTS
A, Effective Parameters of a FM

1. Spoof Plasma Freguency {f{,}

We firse discuss the spoof plasima frequency 0 EMA provides
J,» which is dependent on £, burnor directly dependent on .
which is determined as b = [ p, sesuliing homs i assumption
that & < A However, QFS does not impose this assumptios so
tha £, from QFSis expected w he dependent on 4. To darify
when these two methods are consisrene and ditferent, we com-
pare [, as a funcdon of £ caloulared by EMA with those com-
puted by QFS with dhree values of 4 (of three differny valses of
Po=H{f ) in Fig 288). £, from EMA indicated by a black
dashed e is perfectly consiseent with the /) from QFS with
&= (.01 indicated by a blue solid line. This is alsa trite for
thinner # (nor shown), However, 1, from QFS with =005
and £ = 0.1p, indicated by a gfcé;* solid Hne and a red solid

Hine, respectively, become fower than the f from EMA

(2l it
A I
04 - : i
= 63
202 £
@l =
1R s SN BV, 11 ;
0.0} 03 oot o &9
iy 1
Fig.2. (o) j} as & function of [ compured by EMA (black dushed

tine} and by QFS with & = 0.01p (bluc solid Boel. & = 0.05p {green
solid line}, and & = 0.5 p {red solid linc). (b) Percentage difference of
£; by QFS with respect to that by EMA as a funcdon of f and 4.
Black and white represent 080 and 100%, respeatively. The paramerers
of the FMsunit cell we b= o = 09 and ¢, = vy = L.
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<
.
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-4
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Fregueney {e/p)
Fig. 3. {& Real pan and (b) imaginary pare of cffective ¢, of a
FM with paamerers 5= 0001p, f; =01, b= a=09p and
gy e 1 from EMA {red solid line) and QFS {blue solid line).

Figire 2(b} shows the pescentage difference of f & hetween both
methods with tespect to the £, from EMA. This figure clearly
shows dhae f, from both methods are consistent when /b is
small and £, ds farge (p. ds small). However, f, from EMA
witl be much larger than that from QFS when £ is large
and £ s small {p_ is farge). Thesefore, we must choose the
supperlagtice period g, ro be equal o or smaller than 0.01p
in ordes to correctly apply the EMA,

2. Eiffective Diglectric Constant

Nexr, we discass the cffective £ of a FM. The hole-array layer
beight and its Blling ratdo are defined s A= 0.001p and
== 0] prespectively Figures 3{0) and 3l show, respectively,
the veal part and iraginary part of the effective £, as luncrions
of frequency. e, Trom both EMA and QFS methods are real
vadues and are perfectly consistent at frequencies below the
spoof plasmia frequency £, = 0.211e/p The real value of &,
arises from rthe real £, at o given frequency and &, = x/p.
The ntigin of the real £owill be explained shordy. However,
the imaginary part of & from the QFS method appears ac a
frequency above [ whereas that from EMA remains zero
as shown in Fig. 3(b), The imaginary part of effecdve &, from
QFS decreases exponentially with increasing frequency. The
comptlex value of €, vriginates from the complex £, at a given
frequency and £, = 0, which will become apparent when we
discuss s EFC. Therefore, our effecdve parameters are
applicable only for frequencies befow £ However, they cannor
explain Josses, which occur ar frequencies above f.

3. Equi-Frequency Contours

INext, we discuss the EFCs of a FM. Figare 4 shows the EFCs of
a FM whose parameress are the same as those in Fig. 3 m
frequendies 0.1¢/pand 0.2¢ /p. These two frequencies lie below
f;, and thus exhibit type-IT hyperbolic EFCs. Tt can be seen that
both models give consistent EFCs with zero imaginary part of
k,. The imaginary part of &, is zero because admittances in all
regions are complex numbers ac b, > &y, which are marched to
the complex admiuanee of @ hole-array layer giving purely real r
and r cocflicienss, Weemploy &, acd, = a/p » & 1o compure
the effective &, of a hyperbolic FM, and, thus, the effective e, is
purely real ar a frequency below the spoof plasma frequency.

These effective media also show the negative refraction in
which the directions of the Povniing vector and wavevecror
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Relk.) (tp)
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Ay (MTip)
Fig. 4. EFCs of 2 FM ar fiequency O.1e/p by QFS (red solid e
and EMA (black dashed ling). and ar frequency .20/ by QFS (hlue
solid Bnel and EMA (black doned line). The arrows indicare Povacimg
vector 8. The parameters of the FM are the same as dhowe 1o g 3

along 2 axis are opposire {71, At lower frequencies, & are higher
and the Povadng vector tends wbe parallel ro xaxdse This
means that the energy does not rransmic through the serucaie
in the excremely deep-subwavelength scale.

Abuove » this samg strgeture becomey an clliprcal medivm,
Figuare 5} shows theelliptical EFCsatfrequencics 0,25/ parsd
03¢/ p using only the real part of £, from QFS and EMA Traan
be seen thar the ellipdcal EFCs from EMA are perfecdy copsis-
rent with the elliprical EFCS from QFS wids only the real part of
&,. The ellipse becomes larger with increasing frequency indicar-
ing positive refraction in this medium: Figure 5{b) shows the
imaginary part of £ asa funcdon of £ from QFS (EMA has
no imaginary pare of 2, The imaginary contodes are also
elliprical in shape with divergences ar by, =4y (b = 0.57/p
at f = 0.25:/p and" kg = 06xfpoay F="03c/p) duec 10
Wood's anomaly [19], The imaginacy past ef dyat &, < &g be-
comes lower with increasing the frequency, The Imagindry part
af &, arises because admittances ivall regions except 8 hole-eey
layer are real, which are mismarched 1o the complex admitrance
of a hole-armay layer giving complex » and ¢ coefficionts.
The disagreement on EFCs beoween both methods prohibics
the application of the EMA in this frequency regime.

B. Subwavelength Focusing

Finally, we thearedcally demonstrare the applicadon of a FM
homogenized by EMA w behave a8 2 wpe-ll HMML Direce
appﬁ(‘;nhm of a i}'pt""“ HMis {ice;p -snhwavdcngtil l'{)cusi;]g
where the energy focusing relies on the directional propagations
of waves inside the HMM [6], The lage mismarch in

[CEE Ty (b} 4
£ » "
o o 4 =2
3 osk ] BN
) b beobir T o L W W e
-1 405 0 05 1 -1 05 0 05 1
ko Ampy Ay (Tp)

Fig. 5. ) Real pan and {(b) imaginary parv of dhe EFCs of a FM a
frequency 0.25¢/p by QFS {red solid line and EMA {black dashed
fige), and at frequency 0.3c/p by QFS (blue solid lined and EMA
{black detted lineh. The parameters of the FM ase the same as those
in Fig. 3.

Fig. 6. Schemasic view of a unir cell of 2 subwavelengrh focusing
fens comprising ¢ mewallic grating and a HMM. The serucure i
excied by sormal-dncident e whose clecuric field is polarized along
xaxiss The red dashed Hnes fodicate the direetional propagations of
Bigh-order Bloch waves generseed by the meralfic gradng,

sangential component of wavevecrors benween wave propaga-
dons in-the HMM and those In its environment forces
us 1o place a-miewallic graring or infinite shir aray nexe w
the HMM a5 shown i Plg. 6 The slic aray difftacts the
noming light inio Bloch waves each denoted by el =
xS /P whare p, is the period of ghe slic array and
5 = ke om2nf p, o where s an inteser, A high mode order
w2, associated with high tangential components of wavevectors,
can compensae for the zero of the tangensial component of the
wavevector of the nosmal incident light in air The reflected
light, transmiined Hghro and intemal light inside the HMM
are now expanded i terms of these Bloch waves. The nrh-
order admittance of the TM wave isonow expressed as
Yoo tkofg,» Whee € = &, for inputmedium, ¢ = £,
far ourpur medinm, £ = o, for HMM. and g, I8 the z com-
ponest of the wavevector determined by dhe dispersion relation
of each mediom. Unlike a hole, a dit bas no cuwff frequency
and its most dominant wavegnide mode s TEM mode [20],
Thercfore, the normalized slic waveguide mode denoted by
{ris} is 4 copstant and equal o {rls) = 1/ Jur, where w, is
sliv width, Then, the coupled-mode analvsis can be applied
. this sk arvay-FM composite structre o obmin the field
coeflicicnts i all segions 211,

To show deep-subwavelength focusing, we use the same
paramerers of a FM acting s a type-Tl HMM as those msed in
Figs, 3 and 4, butnow we work at wavelengeh 25p. For cxame
ple, by choosing p = 100 pm, /= 0.1 um, & =a = 90 pm,
and 4 = 2500 pmor frequency 0.12 THz. A memllic hole-
array layermay be prepared by aromic layer deposivion followed
by cleemon-beam lichography, or by the simpler inkjet printing
method. o obtalned from & and £, is equal ro 0.0H p, satisfying
the EMASs requirement. The hyperbolic EFC of the MMM cal-
culared by EMA at 4 = 25p, indicated by a red solid line in
Fig. 7{ah deardy shows thar dhe wavevectors supported by
the HMM are much larger than those supporied by air, indi-
cated by a black solid line. The angles of energy propagations
with respect o 5 axis inside the HMM, which is obtained by
O = o ek fe k), are shown in Fig. 7 The cnergy
propagation angles of large-wavevector waves lie in the narrow
band of 79.5°-82. 2, which are usvally referred 1o as the critical
angles of energy propagations, denored by €, [0}, Waves with
£, close o J€ 4, do not contribute to the focusing because #
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Fig. 7. {a) EFC of a2 HMM (red line} and aic {black line} ar
A== 25p. (b Critcal angles of encrgy propagadions inside 2 HMM
as 2z function of £ (& Normalized intensite distribugion. behind
the slic array for a HMM wich the number of supperatrices equal
to 101, where £ denotes the total lengeh of the shit array-HMM struc
ture. {d) Normalized intensity profilé at a disrance aF 939 fom the
shiy array. The red lne s the profile inside the shiv aprap-HMM struce
e and the black ne s the profife Tn i wivhous the MMM, All
figures are obtaised by the EMA medhod.

jumps w0 90°, and. thus, the coresponding eneegy prapagaics
paraliel to & axis,

The air-filled PEC slit artay widy a fixed slit width of
w, = 0.5 and a st height of £, == 0.1 is then placed on
die HMM in order o gxciie the Jarge-wavevector waves. 1f
we want o focus the energy at one spar berween two slics,
the number of suppetlaaiess denoted by A7, should bechosen
a5 Ny = intlp, /2, an 8. Here, tve optimize the hest p;
and Ay, by using the process shar follows. Firse, p, is varied
from 0.8p o 18.0p. By wing 8, = 79,5 with the aforomen-
doned formula, we obrain the inidal Ny, foreach p Next, we
inerease the value of Ny, starting from the initdal Nand
then compute the conesponding nonmalized intensity profiles;
denoted by S/58,, along v avis av 2 == £ = b 4Ny p, in the
ourput mediam antll the best foeusing is found, The best
focusing should give the highest focused intensity and good
intensicy contrast. The highest focused intensity in dve oupur
medium dircody corresponds to the highest focused intensiey in
the HMM.

We find dur p,o= 100p with Ny, = 100 (V0.
LOgl gives the best focusing. Figure 7(c) shows the
narmalized inrensity distribudon behind the slic array of this
optimized structure. Two arms of directional energy propaga-
dons are seen cleardy inside the MMM as expecred. The energy
is tocused ac a distance of 0.959p from the slit array, which is
close 1o the distance predicied by the EMA, The intensdty at
this spot is 285 dmes larger than the incidertt inrensicy, which is
alse abour 71 dmes larger than the near-field inrensity in air
behind the bare slic array without the HMM as shown in
Fig. 7{di. The full widdy ar halfmasimum along x axis

{FYWHM,) inside the HMM is 0.3p = 4/83. which is about
2.5 times smabler than thar in air withour the HMM. However,
an only stmall pordon of the focused energy is rransmited 1o the
output medium, which is defined as air, due to & large Imped-
ance mismatch, Arg = Lioside the ourput medium, the mans-
mitted intensity peak and its corresponding FWHM, are,
respectively, 30 times higher than the incidenr intensity and
0.75p = A/33, which are compamble tw those of the bare slit
array without HMM, The energy also decays in alr as expeceed
with decay length 0.275p because there s no magnification
pracess [5] to reduce the wavevectors of large-wavevector waves
inside the flar HMM so thar the ransmiteed waves have large
wavevect oS notsupported in air. This effect Is more severe with
larger-waveveetor wayes, which decay more quickly in ain

Subwavelength Hfocusing i pardeudarly  imporant in
optical naneimaging. Huber e @, experimentally wilized a
raetallized-aromic-force-microscope (AFM) dp, which localizes
the incoming terabertz light into a nanovolume around the dp's
apex.to probe nanoscale features with spatial resolution down 1o
40 nm ae 2.34 THz {4/2950) [22]. This spatial resolution is far
berter than ours. However che slir army=TMM soucture has a
{hae surface, which s more practical than the curve surface of the
tps apex. The solwtions of cectromagnede waves in our
strucrare are also kiown analygically unlike those in che «dp,
which are compured by a numerical metdiod. 1f the spatial res-
olution, the FWHA,, of the slit array—HMM can be reduced
further and the outcoupling mechanism [23] is emploved w
exeract the fecused energy inside the HMM, this seructure
Ay became an altemative choice 1o the merallized-AFM tip
for subwavelengibe inaging, FWHM, reducdon may be done,
for example, by lowering che spoof plasma frequency or
deereasing the sliv width, Our effective parameters may be used
1o aic these designs and to build mere complicated FM-based
composite sTructes.

4. CONCLUSION

in summary, dosed-form formulae of the dffective paramerers
of stacked hole-army layers knownsas FM have been formulated
for fighe wavelengrhs much arser chan the hole-array pertod.
The anisorrapic FM hebaves like 2’ nonmagnetic insulator
medinm aong the longitadingl asis, bur bebaves like a metal
slong the transverse axis. The EMA of a hyperbolic FM is per-
fectly consistent with the QFS method using a homogenized
holewarray Tayer when e supperhanice period is equal 10 or
staller by 0.01 dmes than dhe hole-array period. We also theo-
rerigally demonstrate the application of our effective paramerers
it subwavelength focusing using a compesite structure of a slit
array and a FM. It is found that che focused intensity inside the
EM isabour 71 times larger than the maximum intensity on the
same plane in afr withoue the FM, and the FWHM correspond-
ing to the formeris 4/83, which is about 2.5 dmes smaller than
the larter. The energy is strongly reflecred ar the end interface of
the FM due 1o the large difference of wavevectors, reducing the
irsensity and widening the FWHM of the transmined lighe
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Develepment Thermoelectric Properties of Al-doped ZnC Materials

for Thermoelectric Generzator
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unfinta

Taneiludiiavin ZnOuwer Zn,_,_ Al Mn O (0.01<x<0.03, 0.01 £ v<0.03usz x+ y =0.04)
pfseneideisuf s ey Taesviulseneudnans Zr0, ALO; was MnOymueslead
gamgll 900 € Junan 2 salussasurnTviguund 1,200 ‘¢ Munm 22 daluemeliussonialad Tassaia
vadninegmitiunstedeudiamationis@eniunssiBnd XAD) Minmirsazaunuhmsde 47 aay M v
Wenwit Zn nelulpswiames ZnO wiivhliiassedioes ZeOwheuudas finlssdniauns wHunildy
paatinnanefluddnrdmegnamaseuiad nfieneluiswWitnmmvedludidnnin wudéedi
Zitgssdly oMy 550 e dsdssdvbaiungedninsiianedndy 212 g /K digamgii 623 K §hets
Zriygsdly Mg o0 grebittlstszendliuligaunsshuddnyin imavsaaviusamesludidnvinmimia
Lugaarliidslaihgaawifu 0.05 % AT = 500 warssiimuiuiiudiowiusas gungiiviaiuiisamad
luddnvinlaunTsdundssypsuitias nanasiilues Zn, pedly Mg 10 -~ Fanudvlaeauiiseneuiy
wdesiiieihfuramadnnuiayiaaiedid s 0.32 mw #AT = 500 swreaFve

Awan: wisshdielifsiun, netlusidavan, Tpavefluddnmmarfnedogiilouunamildesnlen

Abstract

Thermoetectric  materials  ZrQ and ZHFFJ,AJ'#WH}O (001<x<0.03, 0.0l <y =<0.03and
X+ v =0.04) was synthesized bydrying classical solid state reaction starting from the oxide powders of
ZnO, 41,0, and MnO,. The samples were sintered in furnace at 1,200 C for 22 hours. in air
atmosphere. Their crystal structure and merphology were characterized by using X-ray diffraction (XRD).
The results showed that doping 47 and My into the ZnO didn’t have affect to the structure of ZnQ .
The seebeck coefficient was measured by home-made in a laboratory. The best doped sample was
iy e dly o Mg 020 showing seebeck coefficient §=212 4V [K at 623 K The Ziyoedl, o M, 0,0
thermoelectric module was tested at the high temperature by electrical fumace. The maximum value of
electrical power was 0.05 mwW at 900 °Cin AT = 600. The electrical power lended o increase by
increasing temperature difference and electrically connedting themmoelectric modules into series. The ten
Zitg o6l o M, 00 modules for thermoelectric senerator can generate electric power 032 mW at AT =
600 C. Thus, the ZiygedlyqMny o0 thermoelectric material can be used for application of
thermoelectric generator at high termperature.

Keywords: Al and Mu co-doped  ZnQO ., Thermoelectric, Thermoelectric senerator and Thermaoelectric
modute
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Prototype of Seebeck electric Generator with high temperature

@ 1 e = 1 2 oo,
dodannt winaiwes |, Insngw nauius, uas wiwgt Taulud =

E e ey

enlfjiniiunedladniind noadeRiind andinanmand sovumehilafsessundiihrammraneasal

1 wpaeanngi 1 wmaIensedl [EES ] 10520

: E-mail: chestaruttanapungsmail.com, wodlnifw 081-5104965

unAnte

il dusuaietdalifodiun (5@ enderudouatis 1,000 °C fuwuy G 19
Unngasaifiuelumstudsnunrsdouduasiaulidleens Suwoy 56 dssnowidlupmreluddnmindid
Taqailuddnvinduasuin Camn0, Tukoargsasveas Bgawedlidlnvdnuuudniuaniarusnadng 150
mV, nsvualifh 10 mA warirdeliia 15 mw o muensnsanngsi 670 ¢ fadswihaunmsiutulflremie
lugameilddnvilonanediidedy uamiiduhenudndnd 15V, astialida o ma, tasidsliin 15
mw swsabiiuldfaclgamesludniniuay 1o Tgavievsiasnssengil 670 °C Tudiriedvihudsiy
Insmswiednauvedugewedhiidnnin duansliviulindiedodiiuuy S6 fusenevludelugamasiudidnvin
fau 20 lgedigndaidpfuuuueynaimtsnsagavasell LED wie 105 mw Tabwhuiidalvias musnsng
gamgdl 300 'C anmsouawufRuNuY S ueiusa 10,000 Tage ArseslihdtiiR 15 W lesduiuy SG
wuefuimwduamuiaurnedsiulanaioulag Sy, Tamseeihekesets Lasanudsuvios
ImgaNT Auiuy 56 senirmsavseiultdisbtisdsaumnaielvon g Redendanulihlsus
madia
Amign: whasdudntiin, wafluadawsn, A Feuss

Abstract

This research investivaled the Seebeck Generator (SG) prototype working at hich temperature up to
1,000 "C. The 5G protolype uses the Seebeck effect to directly convert heat inlo electricily. The SG prototype
consisls of thermoslectic medutes having thermoelectric material synthesized from CaMnO, in our
laboratory. A single thermoelectric module showed voltage 150 mV, current 10 mA, and the electrical power
1.5 mwW al the lemperature difference 670 "C. The electrical power can be increased by connecting more
thermoelectric modules together, We showed that the voltage 1.5V, the current 10 mA, and the electrical
power 15 mW was generaled with 10 thermceslectdic modules at the temperature difference 670 "C. This
indicates that the slectrical power is directly proportional to the number of thermoeleclric modules, We also
showed thal the 3G prototype consisting of 20 themmoelectric modules connected into series could
immediately light up the 150 mW LED al the temperature difference 200 "C. Therefore, the number of
thermoslectric maodules 10,000 modutes could yield electrical power 15 W, The 5G prototype can hamess
thermat energy from any heal source such as buming blomass and waste, and heat industrial and power
plants. Our SG prototyps may be scaled into large-scale thermal power plant to supply the eleclrical energy
to our society.

Keywords: Generator, Thermoelectric, High-temperature
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