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ABSTRACT

This thesis, the hybrid microwave furnace for rapid synthesis was developed. The
domestic microwave oven with silicon carbide plates used as susceptors was
modified. The hybrid microwave method can induce a rapidly oscillating electric field
through the sample and lead to heating from the inside to the outside. The SiC
susceptor absorbs microwave energy and generates thermal radiation in the opposite
direction - from outside to inside of the samples. We successfully synthesized SnTe-
based powders by a hybrid microwave solid-state method, which was a simple, low
energy, free solution, and rapid method. In addition, we first reduced the thermal
conductivity of SnTe, through graphene addition. The addition of 5 wt.% graphene to
SnTe did not have a significant effect on the power factor. The total thermal
conductivity at 325 K was reduced from ~10 W*m-1 K-1 for SnTe to ~2 W*m-1 K-1 for
SnTe-5wt.% graphene. The Debye model was used to explain the origin of the effects
of graphene on lattice thermal conductivity. A combination of reduced lattice
thermal conductivity and moderate power factor was observed. The figure of merit
was increased by five times, from 0.07 for SnTe to 0.35 for SnTe-5wt.% graphene. Our
results indicated that the rapid hybrid microwave solid-state method and 5 wt.%
graphene addition was an effective way to synthesize and enhance the

thermoelectric properties of SnTe materials.
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3) eenuiiazmedaiildluUszgndl dfunuisonasauduenamnssy delvida

Usglewlungnauladnyiselueuian
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unii 2
= awv ad v
N LUATITUIIYNNYIVDY
Tuunil 2 aendnisfeyaiiifsrtostuesdusznavvesndululasim deyailoiu
Reafutanmesludidnnin nszuiumsdunsievians uavauddefiAeadesiuarsiviing
Huaseid Tnsuansmoazidendamolull
2.1 UsingmsaitugiumianesTudidnin
2.2 fugumsvnnuvesgunsaimasladidnvsn
2.3 gudfimneamesiudianyisn

2.4 nguvedianmesluBianysn

2.5 pannshulasin

2.1 Usngmsalivugrumanasiudianysn

¥

o 1 « a a d' Y B = = ' [
A1 L‘Vl@’ﬁllE]Lﬁﬂ‘Vl’iﬂ ﬁ]%ﬁ@l‘ﬁL‘VTUﬂﬂﬂ??NLﬂEl'J‘?JE]\ﬁ%‘ViTNﬂ']’]ﬂJiE)lJLLaSVLW‘W’] 13

[ '
U =)

Nagoduemansmanasludianvsnlieganysaliu Adeledanudilalulsingnisel
v & = & 4 a a a = = Yo &
wannsaugadusnguvesdsingmsaimanesludidnyin duanssvazidenlanwieludl
2.1.1 Usngn13aldiun (Seebeck Effect) [11]
lutn.@.1821 Tsifa aeviu fua lovitnisvaaeaudinudl lulsesUanusenausiy
langaptinnuandanufenoas (Copper) Audadn (Bismuth) WaliausounaIunile
1 1 5 1 o Y @ a d a o 1
szninseysevedlanesael dawaviilidudia (Magnetic needle) WanuulUI AU
a o § va v & ¢ a 1% o 1% ! <
Wa mbigadlasarsisauindudsingnisaliiigidesduaingseundingn
(Thermomagnetism) #ugU# 2.1 naaantuliuiy s1ud Asafiou lwasainn lneSulena
= = Y A A a a S a - | = o & &
NMINARRIgUANaNAedRe NsTWuFuuTuAnNauINwimanignmde i vululanens

'
a =

aosvllaniinszualwilvaniunguewswed (Faraday’s law) Inensvualiinnlaluaeas

v '
=

Wntuilaaandngnislninnsessevegalidwindy sudunaniannAIuLANA195E1INa

be

gamgiauieudusmuiy lieesaws sreaulmiindudsingnsalinietosivany

9 Y

Soulniusasenin “wasludlanysn” WNUNISTIENURLYEIRIUA LeadralsAnudiuale

insneees AunukasTenuralluauusnIniendt “Usingnisaldiua”
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JUN 2.1 usunmnsnaaesvesdiualagldlane Bi way Cu [12]

JUN 2.2 3993msinUsIngn1salBiunnseenela e aealauanseiu

a0

91n3UT 2.2 duainlany X kazlans Y gnieuseiluisasanauinualiien

'
a o a

fuuszavdBualdu Sy war Sy mud1siu N19a A Ballgauminiien (7)) uazqn B Badlgaungd

9

a9 (7,) Tumeuisuusnidniazdnisnsyatemedsadiianevesmvzdseglni - uiadgle

[

InsLieud (Gradient) vesgunginmzdasgsinanfivangsuiouaziindauaatinnning
Uanesnudu - uazdiuudlifufieswsudsaneiuiduninieaswdsnuawivlinme lwiee
Tuannigauns nsdniuvesszghlmiaustadeulninngy (Back electromotive force)
Famsetudhadunisinavestszy mnussdndvesasasida (Open dircuit) alsiiAanislua

voanseialiin agiinANuREngTNTaTanIn “Anusdndves@iun (Seebeck voltage

o

1Us¥aN5TUA (Seebeck coefficient :

(% 6 v

AV )” TaganUAEN g MAATUTANUFUNUS A UAN

a

S) uazwasnsgamnll (AT ) WWudsauns

Y

7\

= =— 2.1
T,-T. AT e

$=S,-5,
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luaunisi 2.1 adisumdudssansdualeglugvauuliin (E) desaumgiinasulunu

szgne (VT) satlauulihAieduuiainaiavvesnsmeudvasdngludwanslady

MsRAsanAsITumMelih isvuliedinnnuuansiwesonmaiiluaisieiaivie n uag

p AIUN 2.3(n) war 2.3(2) MUARU. FNUINNUAI8UDITANTINERS AETAIAIIUAIANET

q

AsstufuuiosnanmveUssyanasyiingu

(n) ()

5UN 2.3 Usingnisaldued miuTanansneintiuile (n) n-type wag (v) p-type

n3UN 2.3(n) way 2.3(1) S mvuabigne1sBanisiamnussdngnalifindediuwdu (7)
v 1w a Yy oy | v v 1w a £ = =% o o
Taadndmalwihigendtdnuieu (7, avdwalinisinaduussnsvesdivaluansein
wilo p-type fanduuinuazeda n-type fanluavians vilvnsufwiavesianansiedy

Taeuaung

e -\
T.-T, AT
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2.1.2 Usmngmsaliwaiiies (Peltier Effect) [13][14]

T 77,1834 o 91358 Wnud wafied tevinisveassuaznudn Weiln1ssny
Tinszuansadnlulunsastalifusiiaesdiidoudetumaliin wingluithozindeu
munavosaunliiin yhldiAnauSeunazifuiisesrelansaiswiindu feuin1svaass
vaunaigslagneuduniun1svnasiued Lausy wsasn Bwa waud (Heinrich Friedrich

VY]

Emil Lenz) &susingnisalmatiissiiulsingnisaindeunduiulsingnsaidiun

JUN 2.4 wasmisiinusingniseimaliiesisessalaveaasiniunnsineiu

91n3U7 2.4 wnasrglifanssuanse (v,) virlndanisindeuiivesusegdudunasin

£
=

auulniihansesse A lUdseese B vitlieuuginsesse B deaduy (7)) uazvialn
gaunninseese A ddranas (7) ellluianudazvlinasiidnsuanasuiideninuioud
| v ‘g Ly U o a ‘§ a & 1 .«.:4' 2
waneafuTuAUAIFNY sEANSIaias 9In3aTdaIuiivsenaunlslany X uag Y ag
) ya o [ a q‘ = 6 ) [ -:l' a [
Anualuardudszdnsmaiosdu |1, waz [, 1wa1avu WeRa15uI8n31n15
Wagumasmasauseunsassie (Q,uaz Qy) aunsaudnslasannisnaluil

Qﬂ :(HX _HY)I :Hxvl :QA_QB (2.4)

nsisuiedgliiinszuansadrldazyiliiin anuuand1aesg g luanshedai
¥ila n uag p Ga3UN 2.5(n) war 2.5() muddu gnudivangvesianvivaesaziian
ARV I N TN AusUTaINNIEUsEgauasaliany iednenseualiilingdly

PANIUAYINUY  DIAIUUALANITONDIVDINTI8NTELA N1 AT AAN IR UBUIRTALAY -Y
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finaviliinuuueziiaamagiias (7) ningaumgiisnuans (7,) sglianszualidndy —1 lu

9

druvesiualigumnlias (7,) nigamgiisnuuu (7) aglirnszualuinly +1 vzdwa
Tenduussansmaiiesluansnesidaia n-type danduavuazsiin p-type danduuan

@de vibvimsiuiwilnvesianansieialaniuaunis

M= g =

2.5
—1 +1 25

() ()

JUN 2.5 Usingmisalinaiesdmsuiagashsiniiia (n) n-type wag (v) p-type

2.1.3 Usngnisalnaudu (Thomson effect) waza1udunusiaaidu (Kelvin
relation) [14][15]
110 m./.1854 Faidey nondu leiduyprausnesulgysingnisainiamnesludiany

Snlusnungud aldusseraiasulainnisgeaduainuieunieateniainiinseu (Q,)

Y Y

o

Y] o Ada & o Y] a X v A G o | o v o
voadagiunililainediuaziindulilelurasiuiinszualui (1) nadunSaudul

a

HAF19uRdl . (AT ) Sumy 7dnnsgaduaiueunianlgnusoulrIuegfurilnuay

Y

fiAnaveanseualiil Gawandladagui 2.6
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[
=) =

JUN 2.6 wansUsingnisaineudulusainiiilewenu [15]

nnfinanumendulduaninissanunngnisaifiuaiagsingnsalinaiiesidu
Usingnsaimeududnsetusiumduussanivendu (7 ) WWnuauniseeluil
7,
AT
ndsanunenduldiuussmdnmduuiseunaiu (Baron Kelvin) uagliadis
pasduiusiaadu (Kelvin relations) Tuanidtatdoslesngmssimanesludidnninis
awsiungded 1 uag 2 Msunnamans [14] aziansliifiufsanuduiusiusening

o a

duUsyansTuatazduUssansnatiesee

[1=TS (2.7)

U o U ! U a ¢§ L4 L4 a ‘s‘
WaTANNANNUS N UTENINFUU S AVanaNduLarduUsYavRTIunfe

ds
= W
T 0T (2.8)

1naun1si 2.7 Wunuluaunisn 2.5 dieliiudianidauieunignasietulaain

Usingmsaidiualudanansheiadivie n-type uaz p-type wandlanaunissaluil

Q =-STI 38 Q,=STI (2.9)
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1naUN15N 2.9 aznansliiiuiiansruirunisidunduld (Reversible process) W849

Usingmsainamesludianninssninmaanuanuseuiundsnuluih 8nvivaunisildagn

Pl giuszans nnmamesiudiannsnsanaznanselulurdean 2.3.2

2.2 Wugnun1svinauvasgunsalimasiudiannin

[y

anwosludannanligninluldlunsiundsnuainuseuldduliin (TEG) uagld
Dudwvihenaudu (TEQ) TaseadanmsvhnuniuusngnisaldiuanazUsngnisaiinaiies
Jundn Feanunsaedunglddeaunisdsinaiielddmsunsmuseansammamestud
Envsn wanslddereluil

2.2.1 gumsasEitunanesludianysn [16]

nsinavetlszyliiuasysinannuiouluianintuaindeiseninnsiieunved

'
a

Andlifin (VV ) iaginsiiguduadgumngll (VT) suaidu enansmudsealndinludan
Iynasdeniiawisnamenimulsiuiazienda “Aununuiuvednseualuil (Electrical
current density - J)” Gudulumungnisiilihvedens (Ohm’s law) fio

j=-oVV (2.10)

P

e o Asan nn1sualwdn (Electrical conductivity) waztiiona1sauiusuiaminusouly
Tannlvasenimiisnadenidmuigiuasiienia “AunuIkiuNangANTa UL
a ¢ . . = o ° Y a ¢ ety
1585 (Heat flux density of Fourier : () szNL‘Uiﬂﬂmmgmimmwmawamwai (Fourier’s

law) A
g= VT (2.11)

A & ° Y e, & a a o w
We K ARENINNI5UIAINNTeU (Thermal conductivity) UBNAMUNINNIANTUIUIUIUNIAS
AMusouluaNN1ST 2.5 NranenianulenunazisenI1 “ANUNUILUUNANTAINUS UV

WaLies (Heat flux density of Peltier : Qp)” 399gdUWUSAUAIAIIUNUILYUYD

nszwalninfe
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g =11] (2.12)

nsUtUenianNduiusvesUsIngnsalgalu (Coupling) Mumesludidnvniiu
arunsanansliiulanlsauduiustsiunariuve0aulwLaes (Onsager reciprocal

o =

relation) #ufgItosiunsmaznisivalunisaamnasans [17] f131 “use” Tuiitlazdeds

a o |

nsieud (V) vasdndliiwazgunginiduvdmalifnnisiuavesuseqlufiiuay
WasuAuTou Baanunsaleulvaglusunuunisneuaussliaudu (Linear response

theory) lawu

H{L“ le} - ¥y (2.13)
al (L Lyjl-vT

e g Aeanuvwwdundndainudeusou (Total heat flux density) L, Ly, , Luaz Ly,

Redulsy@nansnevauandadu anaunsi 2.13 ldnsgandenindaslaiu
=L, (-VV)+L, (—VT) (2.18)

q=L, (-VV)+L,(-VT) (2.15)

o
£y %

MR DWINN1TMIAENUSEAENTMava LAt IdunIrunvInReulainaates lnediuusn

wFNMNANNIA 2,10 dedmuniouldlrigamgiluianasd (VT =0) azlidu
i=L,(-Wv) (2.16)

Wetaun1sn 2.16 lssuiisungnisiniiiivedenuluaunisy 2.10 agldd1ves L,

WJu

L, =0 (2.17)
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drunaesdsndldaunisi 2.14 lneimuadeulallidnssualnilvaluian (j=0) asld

WJu

VV
Ly=L, [ —=— (2.18)
: “( VT)

winfiarsanannisn 2.18 ludwwves —VV/VT azdoanaesiuusingnisaidualuaunisi

2.2 wazgm L, ansuleainannisi 2.17 aglames L, 1Ou
L, =0S (2.19)
drwianaltaunisn 2.15 Wenmuateululigaumaiilutanasn (VT =0) aglidy

g d. q
===t 2.20
LTV E “j .

MNATUFUNST 2.20 Tudiuves 4/ ssaennnosnuaiandaliuseuvodnaiiasiu

aun1si 2.12 wagldannduiusvesmaiuluaunisn 2.7 azlaaives L,
L, =cll1=0ST (2.21)

dugavngdziruaeulumuaunisn 2.18 lngvhnsdngUlnsiivelila —VV dwmsuuny

Al uauns? 2,15 aglgidu

q ZLI-N%—LBJ?T (2.22)
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disaun1si 2.22 viSeuiisungmsiiauseuveyiSesluaunisin 2.11 uaznsiual
w09 L, L, uaz L, udazldmwes L, 1Ju

L, =0ST +x (2.23)

aun1si 2.23 Alsidumanwnnihanufeulunsdisinszudlnihlvalutag (j=0) dlunsdinll
finszualiilualudan(j=0) azlufiansamenves oS°T wdewieavauvas K Lisdq
assilagandudszavtnisnevausadadumamesiudidnninasunndudaliinduluuwnuluy

a1N1590 2.13 azlodu

[J} { 6170 }[_W} (2.26)
q oST  oS°T +x || -VT
Nnaunsi 2.24 uandlegluguanuvuutunssualuitledy
j=o(-VV)+oS(-VT) (2.25)
wazuanbioglugunnumuiuiungndeuseusauladu
q=0ST (-VV )+(oS’T +x)(-VT) (2.26)

2.2.2 UszansnmvesgUnsalinasiudidnsn [18]
A153ASIEIN 1A NS uTuveswdaduasltaln1TNITUNTURIA LS U (Heat

diffusion equation) 1eFule Beanunsawandluzumildlade

-V-g+q :pcp% (2.27)
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dlo ¢ Aernufeuiiintuainian (Heat generation) P AefiAunwILUUYedias (Density)

Lag C, AaAANgANFaus N (Specific heat capacity) 21nN@UN1TN 2.27 WINAAITELN

Tuanneasdt (0T /ot =0) aglgdu
—V-q+g=0 (2.28)
deorn ¢ wanerldann [19] fe
G=E-j=j’p+j-SVT (2.29)
ilo p Fean mdiumulnia Electrical resistivity) 9ntuniaunss 2.26 uag 2.29 unu

adlUTuaunsin 2.28 azldaunisnisimsginisanuiounesgunsalmamesiudianysnly

anzaesdu
—%-(K%T)ﬂzp—Td—sjﬁT:o (2.30)
daT

L3 a a ! & v ' ! = o o a
gunsalmasludianvsniagdiulvgduszUsznaulusmeguasivisasisiniiia n
wawylln p usiniaguulundesynsuiumaliihuassevuiuiunimusoudsgun 1.1 4
louansliunay wiludrutiaziinnsanaunsalmesludannin 1 lugaluluunnisvinau TEG

Ingdidudsuaz Reulvvaulwnsigui 2.7
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=Y

JUT 2.7 wiesludidnnin 1 lugadiidudsuaztoulvvauwn

[V 7
Y Y

NFUN 2.7 Wieiarsanlugandinisviausuy TEG Tuanmeasdiwuy 1 3R Nellauudlily

(%

D

£ (K%

f15001AIANAUNIUNikarANTouNTeEde  NSUHTIENANTUUUNURIYRITER

wareduUsyavstiualituiugamall (dS/dT =0) Tuaunisi 2.30 azanguladu

2
di(ch(;—Tj+'Tp -0 (2.31)
X X

a 1 |

INAUNTTN-2.31 MINITUATUNITNIINTEINYFIVBIQUNYTNADATIININYIIVBIUNIURA

Y

Ague x=0 83 x=L laeivatediudounazirmbuiainsigungiidu T, uaz T,

AUEFU WERINNSASNUAIANLSo UG HULLaYAuaaTesashemthila p ey

) K T -T 1%p L

G, o= sm ¢ el =T) - Uyl (232)
: L, 2A,

. T T 17p.L

Qc,p =Sp|Th+KPAp( h C)+ 'Dp p (2'33)

P 2Ap

W p=1/0 Aeanimarmiumuliin - A Aoluivtisa (Area) uag L AoniugnIves
91 (Length) visdlannaunisi 2.32 uag 2.33 lumeunsniduniidsanuiouvesnaiios
wenfigealumdinnuioununguenifes wasweniianduiidminufeuniudsng

sal v (%

Msvetal20] Fudunseurumnigamnamansniunduliile (reversible process) 8n
nadsdawalisz@ndnmnisiundsanuresgunsalinesludianninanasdanie @y
gunsal TEG 5¥131991989@1301973U19TA p Uag n AIAIUNATUNIUIINELDABBUNTUNIY

TR

L L
R= 0 | LnPn (2.34)
A A
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WAZANINEIANNSDUTILVRWIADIE N TR e Ul

K A
K =5 Kk (2.35)

R (2.36)

~ & oy a QA' % ]
Wo R A9AINIUNILUANEUBNYDIINDT NINTRITAUNEUNTITN 2.36 kAL 2.32 LAIITWAAIAT
UszANBAIMNISHUNS 19U (77) LlaRasanAta@n It liisaumuaunIsi 2.34 Lazann

AnuSauTINaLENNsa 2.35 Weuleduy

(S,=5,)(T,-T.) ZR
R+R \
A R o (2.37)
Qv (s,-8, ) (T =T). 1[(s,=s,)(Tm-T) T
e LT “1 R+K(T,-T,)
R+R, ) R+R,

AUszansaanvedlugaluaunisi 2.37 asduilsiduduaianuduuniguen neagli

edslihasgeidio on/oR, =0 anmsfigadeuladu

(T -T)(ivZT )
S (2 L)

(2.38)

e R =R1+2T, la® Z=(Sp—3n)2TM/(KR)u,m T, =(T,+T,)/2 3 naun1si

Y
[y

2.38 aziuiduiliiduresuszdnsnmasludnaiuuinmesiuediu S T /KR duwin

a = I

AfluszanSa i uluae Taedidaden

a

e 1 < % 6 6" a &
wosdawin Aazlvgunsalinesludiany

s

Neesaesdiune druusniviliurnnesiAuinagiieddesiugunsamasvinds

(Geometry) Fadloulvnuanslamdu
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12

ﬂ: % (2'39)
LA | ok,

[ A

wagdufiaesnviliurnnesiidnunnazinertesiuianidauandiniadumesludiannn

Yosianasnaivie nuazsie p uanslody

2
S,-S
(ZT= (3,5, T (2.40)

max ( '—Kppp+\/m>2

NAUNIN 2.40 IiuhAUszansaninediuanauiivianesiudidnvinvesianisaes
giasiuiu lunisiigatives H. Goldsmid [13] Feuanslmiiufisn1sinsiginmaudfinig
6 a a [ ! Y 1 a a 6 a & a A Aa ' «
woiludianvinvasianuiazdl aslad1useansammamesludidnninuiensonin “la

unuduiaaiinineseaniuessn” (Dimensionless Figure of Merit)) 1ulumuaunis

e s Aaduuseanddium (Seebeck coefficient) o @aan 1Ny In Ul (Electrical

resistivity) « AganINdIAIINTaU (Thermal conductivity) waz T Asgumiduysal

(Absolute temperature) @un157 2.41 dulardanudiagiiusdrsunluideonasimun
MeTanmesluBdnvsn Faznanseazndoaiiuinluidednly

d' [ a a 6* a o a 2 % g.'l/ [

MNAUNIST 2.40 WBNANALTIUBNUTLEANS AN IO IUBENIAlawaITY 649

a13n5auanIn1sSaueuUsEansamnisEunasnuanusaulilulniilasn dakansle

[y

agﬂﬁ 2.8
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SUT 2.8 wanUsz@vsnmnistiundsnuanudeuldiduluih lneSeuidiey
! £ v ¢ A
NnAMSHUNAIUYBIUNsalvse ZT [21]

2.3 dUUANIMasIuaLanNsn

a

antimamelusidnvsnezUszneulsne  Adudsyansdiun @anninanudeu
uazanwhlnih Auanslinaaunisi 2.40 uaz 2.1 Faduivsuenautfaiuduian
wesludidnudnaainanluudaluide 2.3.2 fsavasswasdonluusdavdiudselud
2.3.1 anudunusvasanawdlwia [22][23]

L‘%mﬁuéhaﬂﬁiﬁﬁmmﬁlﬁﬂmaulmauﬁwzﬁmsmﬁauﬁagLauaLﬁaqéfawwa%m

[
= a a

wasuanuseu luanmzunididinaseumariagiiianninisindeuiuudiniesninnissu

AulAsendn (Lattice) @13de (impurities) IauUNNsaY (Defect) Tunansaulutiansvuiuies

ada & <

lszuenizdngnsidianaseunfeuntadugudviiliifanseualuiilva wadidinng

U

Jouaurnluiluiianis x do E 0y 8lenaseuunaziazglasunsinsyyiniosin
aurulwil v lidienisgnivesnisiedsumdu +x Giannseuindouniansediudy
auuluin) wazdliluwuduswvesvesdianaseuluwuinny x a1 p, Miudsuulasiy

SrezIaNaUIElanUduRUSAe

dp
I E————
qe, it (2.42)

19 N AeAunLILUUSLIAncseu (Electron carrier concentrations) 81a99RANSUIAUNTITN

'
a

2.42 WAINUINBLANATIUIELARRUNIALMEAULTIRsnan U wTud aldulUlule weluy
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v
U a « a [

Anuduasaiudidnaseuinisagdendenuliainnisvuiuresdiueu (Phonon) way

y v

a = A =% a 0o g va o = ! Y]
a']il,‘ﬂﬁﬂu&laﬂ VlaﬂWQSWUQWVHI‘VILﬂﬂﬂ'ﬁﬂ\?@'ﬂﬂ$Nﬂﬁqﬂauﬂa§3‘1ﬂ'§7\1waﬂﬂqu"ﬂqﬂau’]lll%lﬁ']

= o o § va & ~ 3 A . . Y A
funsgaydenasanuainnisey Milidiannseuinnaiinn V; (Drift velocity) Aegua

2.9

JUT 2.9 uanspnudivesddnmsouluantzasiiluauuliiiluia —X [24]
§i1 n, Aedlanaseuiitaan t = 0 uazinan t lnqniidiannsewmdeudlulaedilifanisyy

Fwan n(t) Al
——— an(t)=—n(t) (2.43)

-t ! T | \
NalaasYBENNT3 2.43 s N(t)=nge " We 7 Asnaaduinzirdouilanauziinisvu
a a . 4 ), ) ' 2 da
#90N58L39 (Mean free time or Relaxation time) War¥UI809ANUUIILLTUNDRNATOUIE
Wanrswulugasian o Ae 7 fdelusnsniswasuudasiumuduas dp, /dt=p, /7 ¥ild

wnuluaunsn 2.42 aglean

LA S =NqE, (2.44)
T

INEUNTA 2.44 A p, /N dudnedeveduuududedianasou 16 (P, ) ke

P, =—qrE, (2.45)

NaUNTS 2.45 vinlilaanusiedsvesdidnasauluauuluiife
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dio m; Aewtadinavesdidnnsou (Effective mass of electron) ilafiansmifisninm
nwiunszualniiifiannnssualuiiseniamisenun (j=1/A) vseduiuuseqlin
3.11 [ = 1 dy pui = 1 = v ya @ = 1
nanuafenilanurgnu lunianiienal (J=Q/ Al) alwdidnaseudinuvuiwuy n
Judulseylaihianuaiiniugeguilsluniomulsnal Q=n0Al fwuazliniiy
pLUUNsELalNAAD

j=-nqV, (2.47)
Paunsi 2.46 unuasidlu 2.47 aglady

. —ng’
J= q* TE = ok, (2.48)
m

[

de o Aeanwidliiy azwiudiaunasi 248 Afengnisiluiiveslevuguifieniv
aun1s 2.10 wiesaa1aun i kanaguiuy 1 Ian1uuiuny X wagdminli qr/m;

Jueanineassvesdidnasaualuisauanaian win i leidy

n 2
o= q*z- =NQ L, (2.49)
m

€

A A i a & . I3 a A =
We 4, ABANENINARIURIBLaNATEU (Electron mobility) i JuUSUIUNUIUBNDIAIY

1Y

paesmlunIsiadeuiivesddnaseuluan Faduliuaiddyuinlunisvenisnuants

99981519617 1enauluRNSTUIENAISA 2.47 wae 2.48 Wa1913NaNNbAIAIENINARD

Ya3dldnasaunanUsBlanasausaau i ulvdiswazanunsaeulaan

j=nqu.E, (2.50)
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wenantuadluansiainihmvedsegimdountadaiilaa (Hole) dnwwuiu awnnl qr/m,

Wueaninweaasvadlaaszldaraning iy

o= qu = PO, (2.51)
m

e w4, AsAEAINAdeIvdlea (Hole mobility) p AvAIunuILiduYedlga (Hole carrier
concentrations) kay m; AsuladiNaveslga (Effective mass of electron) a9naun159

2.49 1ag 2.51 wlannuninuurasnseialiiisiuluansndiuime

J =(naz, + pass, ) E, (2.52)

P2

.:4' % Y 1 1 ) = K] [} v A 1 1
mﬂvﬂmLLamﬂwmu%wmwmanwwuﬂw%%wag Uaosla3unanme 1) AdNINATDIVDY
P LAY 2) ANUAUILLULIDINNE  TUEINYIAIENINAGBITUIZLUSHUNTINUAIIALREAY

Anmztedoudilinouazin1svunsanszids (wec ) widminfiansailudiuvesniny

v '
1A =

| & o | = o A A = Aa i 9 a
nultuvessnnzndilunsivisdadeifgiliswinananil Feasliuanssivazidunly
anunaly

1 [y 2 o o a Aa & = [ a [

AnuviuvssnvyluTanasieiiiiinann1sdidnnseulndsaunenizegly
wau1 (Conduction band :) laadindeunenazaglunauinaug (Valence band @ E;)
LA UUNAYDILOUTBIINTEVINNGN T (Energy gap : E ) Aaguil 2.10(n) msiiwmeidaly
ATBUATOINTZAUNGIURIIqluLaUUIkaz AU taNg A auITauan S lAR e NN TUAL
nuMUUaa1Uy (Density of state function) fetiuazlanuwuLuvesan ugBuvonluy

o a = a1 q
wauu1veIBlanaTeu (g,) danduy

(Zm;’ )%

9.(B)=

a1

wazayldmnuvuuiuvessanuzBuseuluLavitaudveslea (g,) dandu
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(2m; )

Ey=_"/
9,(B)="——5

E,-E (2.54)

fiansanaunsii 2.53 wag 2.56 agnuianurusiyluaouzdaneudiy (g(E)) Jenldls

JleE, >E>E, %aﬁﬁammmLmusziaa’jNiwd’mwé’wué’agﬂﬁ 2.10(%)
oumgiinevesianasAAlinasen MU ivIe MM MnfiaNsaniiantie

augaldennuiou lomainivgazgnasedusasanadeudulumuileidunisuanuasves

wasd — Asn (Fermi — Dirac distribution function : f (E)) h)

1
f(E):W (255)
e +1

£ L4

Wo E.AoszAunassiuinessd (Fermienergy level) wag K Aom1nsiluanyiuy
(Boltzmann constant) uuuulnfuiluanadaguit 2.10 () wui1 ad gaungil 0 K f(E) g

a1 a

@ oA 1 a s A [ ! =
uAdu 1 NUYAITNIING U 0 K ﬂzluwuaLaﬂmaumwaamuqamw Ef LY LS hUD

Y

[

gumgiiinduisdanniezduiiesnudidnaseudiiinnnd E, Tuvasiivariufuansds

anaigduiivnuindiaang fissdundanumnin B, 8ndae
Fefiansannunuiuivyesdidnasouaiuisariuialdainnisduiinsanaga

sewineilardunnumruuivaniugua ez duiiesnudiann seunasngandanuves

wauthazuanaladu

n= [ g.(E)f (EXE (2.56)

E,

C

de E, Aeamugnasnuiveuvugaueunaut a9naunisil 2.53 uay 2.55 unuasluaunis

7 2.56 agladu

(2m:)% % (E- EC)%
20 j SEE T

n= dE (2.57)

+1
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lagfia13andn Fesdnuaundenuilaunnimnasiuauseusguin (E, —E;, >>kgT)
= a ! X o q" v ) T i
JeAndandeulunavuivesarsieadiunliinisdauanius (Non degenerate
semiconductors) azléiveulUngIgAveINTBUnTmazUAsuaIn E, 10U +o vilviag
lpmnununduresdianasoudu

m*k T % 7(Ec—Ef) 7(EC_Ef)

— n—sz e ) = N e keT (258)
27°h

W N. Aornunuiwuudmavesdanuzluiauln (Conduction band effective density of

states) T INUBIABIAUNINAIITUIAIINNUILUUVDILTNADAY I NAIIIUYOILAUINAUD

Azuanslaldu

p-< Ej g, (E)[1-f (E) JE (2.59)

E,

de E, Aedanugnisuiivevasgauauuauinaud 9naunnsi 2.54 uag 2.55 unuasly

a1n159 2.59 ezl

Ev (E-E¢)/kgT
=( o). je (EV E)" e (2.60)
2 h 2 E = /kBT 4]

Vb

Vi 1 a a ‘:1' < o ¥ v '
sgliiveulamgnveimseufitninazilasuain E, 1u o vhldaglianumuiuiuyes

Toadu

(2.61)
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We N, Aemrnunuindudinavesaniuzluiiaud (Valence band effective density of
states) 91N@NN15T 2.58 WAz 2.61 @1NTOLAAINITNTLINLUVDIAINNUIMULYDININETIED

luansfeinBun3udn (ntrinsic semiconductors) lanegun 2.10(3) AenanmsEningn

a1 A o U =% o o a a d' Y
Weae p ﬂzummwmmumsmmqummmmmﬂ@Lﬂu

np=np, =n>=N.N, exp(—Eg /kBT) (2.62)
dlo n wag P Aeanumuiwiuvesdidnaseutaylsaluasnaidwuuduriudn 91naunis
d‘ 1 ] I Y d‘ a dl g o
# 2.52 eranwdalwihaziindunasuluwen N, + pou, Wenarsailuansneiadanuy
a a a ! Y 1 o o [ P
uvsuane n = p wlaadanwuilinluluauaunishe

EQ

()'quc(,ue+,uh)e_m (2.63)

soeuladu

E
Ino =In[aN, (z, +'uh):'_2kgT (2.64)
B

91naUN15N 2.64 Azviuitanandalninvesianaisisiauinuuduniudnagiiudumng

el 91 lsuNTMANNFUTUETENIN Ino Au /T aglansidunsandainudy

~(E, /2kB) FI9VNAIUIT0MIAITEIYDIINITENINNA ULl AEd e
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(n) (@) (A) (%)
JUT 2.10 dnwauzlaozunsy () Launaany () AnunuiiuanIe (A) N3NTEI6I
YRINIATUNOTL-ALIN kAT (1) AU ULYRIN VR TanaSAIIWUY

dUNIUAN[25]

2.3.2 anUdUNUsFuUsEANSTuANIaAIN1IaINN9AINSaY [26]

a v a o £ o/ o Y 1% [
SumgMseAUeMamIAINseuTasTandanantane Ineniluudilans sy

[

anin1TTauUNUNINEnUENa991U (Degenerate) HawlTumMENAITUINUNLANETTNS

a ¢ a Yo = a ady = A aa v
L@Uu@qm%am%a@ﬂlﬂ@ﬂgﬂm 2.11 Iﬂﬂﬂﬂ@i@]'ﬂ’]qmﬂﬁﬂmﬂWUVUQﬁa T, LLaz’quQuaﬂmu

1
=< A

=~ ] a < a & a A v ° v
nilafa T (T, >T,) eosaindrAadgaliuiiivesdianaseudamaniiau 1 vl
a & a ! £ LY =< 1 V8% a [ £
dnesauiansinsana iy T, WEs 7. Jsdaalviaiu 1 Janmmslaiiduuinuageiu
T, fanawmmelidnduau Wisuafiouladunislansingfnssumiaufuduiulses
(Capacitor) mausadngnismesiudanninaiale (V, —V.) winiarsandsouiisudu

o

fndvaadl ()

JUN 2.11 insifgudgaumgivedlangniniiugld
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ian1zAsh (Steady state) HsIANEURUSLAIN

V, -V, = e (2.65)
—e

dlo —e fleA1Uszqueddiannsoudasy 9Naun1sN 2.1 wansAnduuseansdualuguainy

! o ¢ 'Y o a Y] a 44' N o & P~ v
AWNANEY  LLADTUIULNYUAUFUNITN 2.65 LW@IM@QIUEULL‘U‘Uﬂﬂ?J‘V]'NLﬁllﬂ'uJ’ﬁﬂLLﬁﬂﬂlmL‘Uu

1 du
S 2.
o o7 (2.66)

'
1ala

= & a | a g = Al
ANNAUNIIN 2.66 LﬂumsmwmnﬁaLaﬂmaummsamaauwlcﬁmsmzmﬂmaﬂmmwmm

v a v = oA i

aunilalugednaunilamieonsuninlubuuaaadn wind1ivdQungiigenendasu

9

o,

2 {

deruagiiAaenimasuauion a1nnsiiganves [26] AduUseansTiungnliouls

W

jezgkvfr(—af‘)J d’k
ol 08 Jsiy U

el jezvfr(—afoj ak €T
oe s=e(l)

(2.67)

Tuwenusnmainuyiiovesaunisi 2.67 Jududuves (g, )/eT uazazdinlugauduny
o - v - a X 1 Al Y o = = 2
T oo WNNATIRINENTIABWPINYNagWsuTulnsiifetesiuoulnsl s duty

[ s Y
aﬂwmzmaqmwwamamﬂﬂmLUu

u [ 0s
e 2.68
&) 2o

AeuduUseansTuafedsiieitosiueulnsldenivedsyy egniseninguiuu Heikes

Y Y

[22] Weulppe
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ky Ologg
S=-LL——=< 2.
e N (2.69)

e g AoNaTINANaVINAYBIN1IAMUAAT (Total number of configuration)
nnsuansbiviuly [27] Wewdsusd E, Tawnnindsnuainusou kT
lagdiure180ianTun13nsLaekuuIs = fiusn (Fermi = Dirac distribution function)

Tuoynsuves kT / E; azlduazmameninuiouneitesiveyiusasniziiuves o dadu

N33ntugUiuuaNn1sved Mott [28] Ag

s_ k3T [Eﬂoga(E)} (2.70)
3e oE EE

NaunTs 2.52 lefinnsananimiilwinludiuvesdidnaseu o =nou, Tuniluaunisi
2.70 ugasandioamaligs awldaunisnesunenginssunmedidnaseunuudouaniug

(Degenerate) fg

(2.71)

2.3.3 AAnUduNUSvasanIwEIAUSou [28]

LY

ArgnmiinAnsauliunumiddguinludanmesludidnnin wmeigdim zT 9z

o

(%
v v

wUsunfuiumanininuien nasduasieiianlunisideduiesnisanaianinnisyl

(% '
= Y a

Ausaulilateuionaglnianiluseansnnasdu F901MasuluSEAULNNIA

9 Y

2

7
§ w a

(Macroscopic) msthanuseulurewdsandulumungnisihanudouveayises viadnn

finsanudiludanuesudinmsihanuseuvesianUsznoume 2 dwunangfe Anainnsdu
- ' Y - d' = =

DEMBNVTOILANAKATNITEE LB UNTIULTBIIINNSAROUNVDININEUTE] TIUANINATIY

YDIANINNITUIANNSDUILLAIN
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K=K, +Ky (2.72)

dio &, waz x, AoAENINUIAINEUTEIINBLANATOULATNITAUTDIIATINGN

p
ANUAINU
2.4.3.1 anwinanueulnudiannsau

niinantuiated 24.1 BianasoulumvzUseglunsilaih  uivisdldsanunse

hanusaulundaudulame Tuwmenusnvaisuudeulaiu
K, = gC vl 2.73)

P a % A aa - < a a
e C,ABANNIAINTBUADUIUINTVBIBLANATOU V, ABAIIITIURAEVDINNLBLANATOU
waz |, Aoszezyiadeddsyvedianaseu nvinsifisudadiuiuszninsaninuiiinang

Souluaunisi 2.73 duaniminliihvesdiannseu azlaidu

pe Lo ey (2.78)
o 3\ng'z,/m,

nmsfigatives [29] aladnmnugauieu C, Ao

n(zk. )T
C. =~ & (2.75)
2E,
Paunsi 2.75 Wunuasluaunisd 2.74 agldidy
2
1] (n(7ke) T2 v,
K _1 L (2.76)
o 3 ng-z,/m,
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naun1sn 2.76 Yzl E, =mv? /2, v, = v, uaz 7, =1, /v, aglaindnsndiuves

annihausousean win iy

2
k. 7 (k
=27 (2.77)
c 3.4
2 k 2 i \ v
o 14 =1 a 1A = I 1 a al [ 1 1
ﬂ'TM‘L!@I‘Vi ﬂ—(—BJ Iuﬁllﬂ’]i‘lfl 2.7 dA1AD |_0 FUUUAIAINNLANIDATIFEIUTEUINENIN
q

ianuieusiedianaseuiunanmssnitsanmiiliiveamad ihludnguedidines

WU U-LNS9A (Wiedemann—Franz’s Law) @8
K, =L,oT (2.78)

o L, Ag ANPITaRLSUS (Lorenz constant)

2.4.3.2 @AINUIAINSBUINNNITAUVBILATINAN

Tupaun 2.4.3.1 linwadinisiianudeulaenineUszyddnaseulduds noullay
nanfnisiiaNseuniinannisduvesianialuresndilag oozneuunazialuveds
a ) o 1 ) I dy [y v a [y PR &
fimsduliuiseusnuvisauna n1sdunalaznsenuivesnendiamesludnuazniduaiu
Heinn T ReUARMAN AIUNEINUANTIUALYNANNUMENgEARUTLARIINNSTUTDS
lasednduludnvazauninmeuduisendtliueu (Phonon) ‘&n1snszaievedivuay
(Dispersion relation) NilA1ALEUNUSTENINIAUDTNVRNUIY @ AUNMOIAFY K
Yol uouTRs e dunIu F9szesidazmIuee —r/a 04 £/a L8N a AOANANNILAT

P o g o o 2 o a o s ¢

WAn Melinasnszatelnueunsernisauluvewdansluazll 2 Wnunfie evaafnusudg

(Acoustic branches) azaonAnoausug (Optical branches) ﬁ&gﬂ‘ﬁ 2.12
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JUT1 2,12 uanslunnisnszanevediueuluveuds [30]
Tuensduiifiaudidyuiezilusuuesaainusug wananisduresasandnidina
[ d‘ 1 ) a a < a s =
AsatuAsgUn - 2.13(n) uagluduanisauautileynasaziiuiuusenfineausiud Jauans

fensduvedlaswaniunansaiutiui. nuddvindnesneudssiiliusegnsaiuliuiuag

anunsansgaunsduanuliinlunduuadlidadunnvesdessufineausmudnguil 2.13()

(n) (@)
JUN 2.13 wansdnuaiznisduadiuey (n) Luvszaafnusud

Wae (9) WUUeBNAABAUIIUD [31]

an1unANNS U RINTNUBUINNANNISA 2.72 TueuR@e A uYIa@INnsaUs T

plneldnguijvativesuna (Classical kinetic theory of gases) uandliae

1
Ky = gCphlphvph (2.79)
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dla C,, Aennuganudeusieusinsveddiueu v, Aeauiiuadevedinuey way |,

[

fesrrniatedasyvesiiiuen MNnquneuisuanddiiuii C, Tuegiugumgiiuazgn

Amuslagaamgiineus (6, ) Faduauifudas Tananunsauszanaldain

g, = —nax (2.80)

(%
Y 1 a 1 [

Wle ha,, Aendeugegavediuanisay Nelingamglaningamgiineuigaininuiau

' '
a o

Jume €, Tuaunsn 2.79 agdamdszanandu 3R e RiUuAANvawia Ngungilin

C,, Fzutsiumy T2 Galulumungneuie annfindnaniudaiauns 2.79 dud1edsey

vuiugumgufaadveswia Weihueduigluveauwisenaismuaainnaewduls Fslae

Undkaanisiianuieuazedeliueululnunszaainuinnintiusululvuneeines

\fps1naTInguresinueu (Group velocity of phonon) dw(k)/ ok lulnunezaafin
N i A a YA o ad %

aiA1a9n3n Weiinsadndanusauansigninmelnuey lnenissaulnusuynlnug k

Y 9 Y

VignnIzAueenIINdnUgaInanionizinLTauaslei

q=> (N, =Ny )hov, (2.81)
k

Wadiasauilendunisnsgatsusslnuen N, (Phonon distribution function) N&dian4
Pulueuifinnnesadu k dndunsdlegluaunaaiuisadeu N, laeldaifivedua-

loalgl (Bose-Einstein statistics) 2w 9

1

o F —e(hwk/kaT) T (2.82)

a

Y & A = ¢ v ' v a
LmeﬂLﬂuﬂﬁmmiwu@ugﬂﬁUﬂ'ﬂu‘ﬂqﬂaﬂJﬂaiﬂHLﬂﬁLﬂﬁJumqmﬁﬂN VT LLazagﬂ’lﬂmam’wﬂ\‘m

Y

a ¢ w & A 'z v
wWguann1svedluadwiullinanilandunisnszaelnuauazle
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= - (2.83)
T, oT
Praunsi 2.83 Tuunuluaunis 2.81 agld
20N, =
4= z,hal7,| VT (2.80)
m oT

nauIA 2.84 ihluIsuiguiungnisinaiuseuvesyisesluaunisi 2.11 aglevinli

ANENINUNIANUSDUINN N UBLAD

_pdN,
Ko :Zk:rkha)|vg\ CX (2.85)
wasluaunsf 285 anunsaunuiildeaeduniingn > > [ Dy (k)dk Tag#l D, (k)
k

ADAINMUILLUY DA LI LD Ul B0 k agladu

D, () dk =tk (2.86)

Tud nureudeanunuinduanuznduiaddurasnnwesaduaiuisawlaslmduaing
Mtuedan Uzl tuaIunm o WngoduwulAnvawneulIg Iy u g8y
Aunisuiauseutiy veglusspainusuduaznisnszangvasiiuaull anudusiusly

anway (k) =v k 150k

D, (w)dw=—dk (2.87)

Fatiudadsunasivann1sn 2.87 Tadu

! I ho'r, (o) 8;:_0 dw (2.88)

0

K =
h
Y V]
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1 N, luaunisil 2.82 unuluaunisil 2.88 agld

-— [ ho'r, (0)———dw (2.89)

(% s i

dAwuald X=ho/kT wargumgiineuieniuaunisi 280 Fsduiusiuaiungsan

voslwuay (Phonon cut off frequency, @,,, ) kddagUaunsi 2.89 Tuslagliin

A
.[ K, (X)de (2.90)
0

dle 7, Aesvesnatdaseafe sy luaunish 2.90 lignuieauelagimeulg-kaaaing

a

(Debye- Callaway) FvanansaldaSuipaninidimuioulaslnueunmduilaiduivgumal

Y

waziandasseals

1 [ A a a
2.4 nguvaTaqmaslaBLaNN3N [32]

1 Iy 6" a & a 1 ¥ = Y'Y ] = =

ngun1adaaniamne sludidnnInaiuisauudlauineaiviagmlufe lang a1sfa
Y o gj -&J I a @6 ¥V a a a 1 = Iy 1
N wazauunstluaisusenauldazainnbiuseansnmesnunldviilouiy wiaulse
wansn s lasamalUdl

25.1 lang

[y [y

JanlungulanziinveAodidnnsoudasy (Free electron) Nflanuzasaalndiuszau

'
(% < [ Y [

waseuesll (E, ) Weogneuvsssiamdulansuidudisiunulundndefasln

q

D.

a

SlANNTIUDATLRINUNITIALNTLAARUNLAYIIaNAN  Wadlawulniuinsyyidudidnnsou
@ o Yya @ a QI 2 o Y a a a 1 [y a a‘a{ a 5 d'
AagvilndLanmnsaudasyiy ey linadnsnasonsswa kazduussanstiunazilanea
gaungil 300 K azlaAmininesoeviuein (z) Wiy 3x10° K1 @sfladessnn wululane
= [l 1o a" a" o [ ) 1% ¥ 6" a < a 1l @A

elulyTanmunganigadinsuihunldanunumesiudidnnin  widndlanenay (Alloy)

A Ay v a a a a A aa ' . .
U UANIAUSEENSANNIGNBSINBLANNSANA U Bi,TE; PbTe Mg,Si, SnTe wag Mg,Sn

Wusu
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2.5.2 d15N9A1HazauIU

a1sneuazauuimdulssanstiuaiganitlane WeINkauIaUTLAZLAY

A a 1 4

Wegrnsiuililideuriuiulsindasuaudewinungsany (Forbidden gap) Fsvilvisedu

nauesteglunaudewnundeany Aulu1dinvesduUssansgiunlsgnininlagad

LY o a

Yosauiundsny Tuvariszrundinumesiluianaisnaiwdadulndiuinaisves
LOUABINUEN1INTZIEAIVBINEIN U1 o duUsEANTTIUATIAAA NN IMEUSElAUN
a s 6 Y gj a
WivzUszuasdianasounasnivisUseguedlaalunauinaud  a1dnvsUseans 2 Aeuan
WUsEAnsTua ftuAduUsEanstiuanigenisasnuluian niuauseainy

9799 Wy Tandwinauaundandnyszavsduauszanm 1 mv/K vseaindiuu ag1elsh

pnan st inihdmsuaniureudiwn lagunfeglusedu 102 (Q-cm) vsornd

v [ v
(Y (Y ISy a

Ty visvuaiaunsafianantiannansnedm 2.2 uazgu 2.14 Fadumsisdieuiieuen Z
dwiulang ansneiihuazanIumniives
P15197 2.1 wamemsiUSeuiiguantinianasludidnnsnvesiaglans. @1309iaun e

AT angiivie32]

Y

GHUI a0 |
onlr : 9178

NNDSLUBENNIN lany A15096710 AU

fseavidiun (S ) ~5.0 ~200.0 ~10x10° | WV /K

anmuin v (o) ~ 10° ~10° ~ 1012 1/Q-m

annihausou (k) ~73%x10° | #4.4X10 ~0.4x10° | W/m-K

Aninaseaniuessn (Z) | 20%10° | = 0x10° ~50%10"7 | I/K
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JUN 2.14 - mswdsundasvesdudsyansvesdiua (s) anmidiliih (o) @niwih
aueulagdianasou (k) uaglnueu (x,,) Miluilaidununinimu

LUUYDINNEUTE mmwaaBZJ

2.5 lalasian

Tulasmidupdutsmdntuindaualugis 300 MHz 849 300 GHz wadnsuldau

v = ¥ a I3 a ¥ d‘ d‘
VNPURAFIVINISUNIBUN AN Taans svdeuldpaululasiananud 2.45 GHz 113
Wianuseuderdululasidiuunndngninluldivenms Weunanaimstlauanaves
Wudruuseznaunazinsuasisendurdululasnlan nisiedounvewraululasinuaznig

Wnauseuluianisgnesuiemedunisaduveudngiiad (Maxwell’s equation) Sus

'
a 1

Asgrsznansadululasndduiaguusesnilu 3 wuy fe 1.oswdeuiivzauiu

q

(transparency) Jagwia1lazfianasadeladidannin (dielectric loss) # ¥inlvindwndoud

o o [

Wrulaeldiindunsnsen 2. nshiveuliniu (opagqueness) @runinagiduidndiun adu

q

Lulasvlazasyiounduiiiayedian way 3.0159AnAuAAY (absorption) Januwa1ilazdAnig

q

Laa"l,mal,aﬂmﬂm ﬂaulﬂﬂmms adandanulanuianuaiiasudundsnuausou

[

%qﬂ%mmwé’qmumm%’amz%uag’ﬁ’ummiqmL?{EJ”L@ 3idni3n nalnnsAnAnufousendu

¥
1Y

Lulasnl azi38n31 nsbiaudounuuladidnyin (dielectric heating) lneluanaiidaves

[y

angﬂLmﬂixﬁwmﬁmmimuﬂé’uwﬂé’uu'mﬂﬂﬁulmimnw HAIINUIATLANIUTENIN

Tuianaseus MilkiAaamdeuduaeluian uidmsuianifinnsgydsladidnnine 1wy
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Tane wsiin Tagmesludidnnin Judu dnvuzvssndululasniivhdunsise aududs

Ol a

JUN 2.15 wasnuanufeunistunigludanasiirfmvseiinnig sparking

9

U7l 2.15 uansdunsisevesraululasomiuiaglans (bulk) [33]

@ d'

aetiunistimauseunntane wu nsvasulans lulssugnaivinssy SudusediTand
anunsogenaundulilasnlaadunvugldlans nislianuseuwuuilliseinnisiiani

Souuuuaufy undnsan1sbiaauseuiigandy ludunsiseniedululasannseyiiuian

languu 9dlAn penetration depth Jatfurrfiveniissveznisunsnvesnauluiilolans 1ng

9¢il wave length Uszanas 100 tm silvinasesuneusingnisalvesaaubilasianiuiae

Tanefidnwaziduns (particle) 9voSunelansgui 2.16 Faduniislundnnising particle

size < 100 (m 3z lilaviganansaganauadululasimls

JUN 2.16 dunsiservesedululasiviiunslane [18]
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wagdnusingnisalnanunsaindulaludanuslans (powder metal) AaLinn1s sparking fiu

¥
ada A

senineian Jeiliaeauseuludan musun 2.17 laeddiazsendt nmshinnuiouluy

Microwave direct heating Aan1svibiianinainuiausmenaululasiniiesiiies

[
[

U7l 2.17 Sumounsiiia plasma sputter Tudanwilang [34]

CaN

a ¥ v

WA IUToUNANTUAI8TT Microwave direct heating 3squagiuianuaazvylia faly

o o v v U oAy = A A A oA A A v ua v
WienazlviAnuseuiulannlinaniunfunseganaundulalis Tannannauedulafvzgnld

Y 1

WU susceptors tatduwnasliniuiounnian fregwvssiagviamtnidy susceptors

9

(2
= a1 =

W silicon carbide (SiC) \Wudu Inedanwartasiiannisaadeladidnnsnas (tan O) miud

waRSlY M99 3

M157991 2.2 Tananansaganauaaululasiale [35]
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[
=< 1 1

Inganunsagandundunazitdsulundsnuaiiudou ndsuanuiouiiatuasgnaeiiu

Y

LUdaTan 8738 N1sunsadnuseu lnervianaglasundsnunuiouainiadainusoud

q

[

ARTUN susceptors YagNynRNaNvesianIsiinausauliosanadululasian n1siia

} % (% dy 1 a i . . I
ANNSauanEuEliTend N1SIANANSULUUNEN (hybrid heating) lnaanusalanadu

TUABUAIFUT 2.18

JUN 2.18 msnszaneAuTeuludan (a) n1slinngseuluusany (b) nsliinaiusousie

aaululAsN () MITARINSDULUUNEL [35]

~ 14 $ %4 ) (YY) [ 2/ a X
L‘u@ﬂﬂﬁﬂﬂ’]ﬂﬂ/iﬂ’ll’]uiﬂuLL‘U‘UI@JI@?L’JWLUULLUUI&I&&IN?{ NHIUAUSDUALLAATUA8 U

=

Tanlnglifese1fenisdaiiunnuseumeds n1siimuFeunsenisniausauinlviliven
N3N 1AINTDULUUALAL (Conventional heating) AWAIIIUAINTDUILAIWNAINEYIER

9

wWaluaulumenisiiainuseu alianuseuiiinduddnvasTeuaindiuuengaiuly
Qd‘Q = U v 2 dl 1 4 ¥/ ¥
gauniaTaenIwnuly dwansduzun 13a drunislinnuseudiglulasinlaenseni
Jauaziiangluvesiannmsganaunasululasim gamgiauludgeaninuiiouin fe
wanslugu? 13b vilsinudnia 2 38ensfiviliAnanuldaunanisannuiou Tuvaeidendu
fnbinuaunuunanInYsae IS nsouiunagiliaunavitnuowintu Jegamglisn
Tunagauuenvesdanazddnvusainade daandusun 13c lngReulvveanisiianisli

AMUFDURVURALTIU FULn1N5918 9110 AIIMNINE U89 susceptors kag 35n15219A5KE

ADNISNADUNTNIY mmgﬂﬁ 2.19
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JUN 2.19 Y11AYRe susceptors daNafanIinALSULUUNEY [36]

[

i %%’uagj JUA penetration depth ﬂJaﬁﬁ@ susceptors A1@11150 89Ul

L3

Tngusingnisal

maululasinnegriuly Tusess penetration depth wilafiavlidnasionisannouniie

[
=

vasnaululasin Fuedivaudfvesian susceptors kagdsn1sinises susceptors lu

syuunlulasnn azinigiunateds endegiaiu Rod-like , Powder, Tubular Aduandly

U7t 2.20

JUT 2.20 UNUNIMULEAINIIININT susceptors Tutmlalasian [36]

wazangui 221 iumaieuiisunanslimisdondBuuusaiutagnslianuon
shenaulalasion azwuinisivianieuseeaulilasnagiidnsnislinuouiismn
yliAnamdougatutaglutasnatdu Wunaliusendnamdsamulin Sndadaili
autfidsnauazandiidenienmvestangniinlidty uenaind nrsliauioudieady
lulasndndumaluladazorauanifuiinsiedainden Jadumaluladimiaulauazans

WANTSANWIIIY
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JUT 2.21 n1silSeuiigudayanistinaiuseuseninanisiiauSouwuuauauiunisiv

AMuME AN [35]

Tngvluduamvnlilasiunannsauvinudnuaeienauld 2 sUuuufe Faialuun
(Single mode) wag daflnin (Multimode) IWIwUUTAAIMLA gneenwuuliinng i3

Tauud (Resonance) ¥09AAUNYIUNBIARUNEILALALA ST I8N LAAAAINULTUVD

1%
ad a

aunalivhfiAngege SnvazvednrBuUBuAaln wandluzun 2.22 BBlnsUSuaudy

wosauulinginsamlalagnisusunuevesiedaaumIe plunger U9AYBILANKILUY

a a N o Y a 14 [ Y | ' [ Y

Faufalvua Ae anusaviliiaanuseugwnniuidn wisgalsnaufivedenaiedsenis

AonsUTULUABuYI iAnA uduawulnihgeaavilaenduinuasaunsalunswiindlsnan
A o w A oW vad o A A o a Y o w =

e nsiiaidavesrdulilasinaunsailadtiiesrs Wasuinwunidnseuliindsg @y

uwagnTnansvisedanluusazasazlaUsinudesilieingninameruInveviosna

U7 2.22 wsnuuudaialumn [37]
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) o v Aa

dmiumnnuudadlvun azlivuiavesndulugniuuudaialuun J1uiulnun ag
dinAuauvwInvewierau [37] Tutagduemwuudaiivue gnifauiwazadalvidsunse
naruanwMzkara1N1sailifingumngiigauinnda 1000 aeAalded 1Ha991NMINN

lulasin@sgnitaundulaeusenasussmallsnagann msldnwiiiedunsigiaisae

=

maululasnnduinleisdaudasglulasianaiiud 2.45 GHz ndldiumlvluasisou dagy

2.23

g‘dﬁ 2.23 wnrwuuiaalvun [37]

Y o s

= v oA o § va a o av 1 aa
ninsaunveaulilasivauisaiiniagiinninuseuld dnidennsenu #and
Wil anA1ansazIfmINTIUAEAS ANEIBIUANAUIBUINAINO UATN3Y1TZNINAAY
Tulasaniudag wldusslevdlumnuvatsgau Saazmuldantdegiuiinnsimelulad

Talasunldnuduseunnndu dmsululssnugeamnssuesniinisiadululasiom

'
ol 1

wlgusgleviiiedisusendaani A1lddny wazdlsUsulganssuiunl suanlud

Useansnnu1ndu fawdlnalulad llasnagidnsiounuIual kANSEUIUNISITLLND

6

wautwaluladaiululasnndiaadladuin fsazviulaannusuranisanununalIng

v I

FnslunsanHTeiameunsaus inbiveyanseauinddadmgniiulinusem

a v

Aandnsung wisg1slsimudedinasfnuiifeuasiauiniosiuwuuntdninuseuain

[

adululasv feanunsavaualanad

- glalastaludsewmdlne
NUITBVOL Yuttapong et al.,,2006 [38] lAWAILITZUUNS AU OULNDNITOULIAY

meuadululasian lnenmseenwuudeulilasind msuihuaiwiununisldvamnn lag
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Tduunilnsauvuin 800 Fnd 1 67 Nirud 2.45 GHz namFITenuindemuauiainay

Tulashiunzay anunsandndawiaaglanaululasinle

JUT 2.24 wnunInkandasasiialuanide [39]

sATeves Insdad 1Ravesdl way viamelduiias ,(2555) [35] ledeenuuuiaiosey
lulasnilidmiunmsesugnisioslneianie neuflawiignidesluutsguvinduvuseia
199 Tnglavanuuugaululasian vuin 85x85x100 wu. Rasauuninsou 800 3a4 6 i
finnud 24.5 GHz lududefiu eiuidwesedululasovuasiteliAnniansyang

waardululasiviageu wan1sneaesaiuisavilranilesiisntelunailindalae ¥

Il (Y 1

Sandnsanuaauindeunfasiedddingt 1-2 Tu anauidenensiedisundulve

a & =

Nuwidslalasnnlulsesmaazdonlynunandpanienisinensnsaanidusmng dail

q

Auaansatunsaanfuadulilasinlanuaslideddaungiawnn uidmiuaide

e

I U

Usgtamimundusndmsunasunsedunsziianigumafigedaliresiin

9

JUN 2.25 pudnsdnsiavil 8004 wwTeteuwiianidesdmsuulssumeniululasiim [36]
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- uRglulasianludisusemanuu@ainaluun (Single mode)

NUITBVB Warren et al,,2012 [38] LARNWILUUIIABIVDLAMHWANBLAANUS DU

[y

Fanmnlang (metal) figaungiigenenaululasi 2.8 Alatad aud 2.45 GHz 1ile
s lilasoilivasulanglussfugnamnssy Faaztaeusevdnalddonlil
lssugnavngsy 3 Wuauneaassetludsewmeanizeisn wagisnisvaeulaveme
adulslasnifadudsiiltAnuafivnsernmios 1Wulinsdedannde Taglunuide
Herldi8srasmanelusunsy Comsol Multiphysics wazSeuflsufunanisnaaes
93¢ Inguuudrassililunisdiaesazusznouluse 3 ssdusznaundn Ae fesnausy
n3ansruen (Cavity) A3aLUa (Crucible) waraulruiumuiou (Insulator) Lﬁawmi’aa
Tangdansilniiigs liganduedululasivuasasiousdu dafunisliaudoudy
anlavzsududodld asaida (Crucible) Miuianfiannnsaganaundululasimlas o
WRsund s uadunsidnlniinduenufeusasaufoutuasgndselifulansdeis

N1511ANTON MINIAINTOU LAZNITWHSIE 2NHANITINRBINUIY QUUNNNTanlany

q

195uargelie 1269 € neluiiad 80 uii uaganuan1suaaesldinilulasianlvanuiou
) i - a P, g v 9
AUNBILAT NUIINBILAITTABURAINBYUNAN 1084 C lunalndihesiunanis

T899 agu nsbimnufeudaglanzlilinisliaruseulaenssiaepdululasamueidu

\ [
& U a

nsvinbirianinilunivuzldlangSouunulay n1530n158UAMNS U AtUdIEARe

q

Crucible Aasiinsganauaaululasian

Waveguide- /

Copper

Insulation
Alumina \ .

Crucible-Siticon
Carbide

ASTm

Mold-
Graphite

JUN 2.26 wuudnasam i lulasindmiuianiane [39]
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1U3Teves Wiedenmann et al,, 2012 [40] M@nwilywivesnisnszarefvesniu
Tulasislnnglumnlalasadmiundelanslulssnugnavnssy dsnnsnszateda
vosrduiinasionsvasulany (esnangluiesrduasiinnanduvesauuusimaniiii
Lawindunndunus 33nsfnwragldnisinassielusunsy CST MICROWAVE STUDIO
LN TINEOUNANTIRRRUT B U UNITNAGRY GNYnEUBILUUTIRDIRLUTENaUMY
YipanAugUNIINTZUEN fesauuniingeu wu1n 800 Iaf AL 2.45 GHz S1uau 1 6

T dandiee199ggninefignnenaltvesiesnauuasiuiisunuafuiiadly aiugy

' '
a

#12.27 wleld@nwnanisnszanadvesedululasian Yaailddu Susceptor g SIC &
) o A =

uwianiganaundululasilafdeunazildeudundsuanudouneliiuianlave

ADIN1TALRADULIA?

sUft 227 wuudrasweununlalasia [41]

'
Y A

lpgignn391aesaglditnslindisuniundusarUndisuniundu Lieguan1sNIzaes7
vosnaululasiluviesrdu Ineia1saung SiC desun 2.28 lngnan1svienassilonnis
NSLAUAIVDIAAUNAA LU BIARU HANISNABDINUINIBTN1TITAITUNIUAAUILYIN LA

nsnsEAemveInauainanealiinIniou (Hot spots)
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(n) (%)

Uil 2.28 nan15s1aeemelusunsy CST MICROWAVE STUDIO (n) Wasasuniuaay (1)

el

Yassuniueay [41]

3113738994 Zhao et al., 2000 [42] panuuun K lulasangurnTaIwuudia
Tnue augUR 2.29 gwfuldnufounuunan (Hybrid) fuianiesiiin (Ceramic
materials) §nwazvauaIazUsznaumswastlanaululasinaud 2.45 GHz
ansauiuseAuidsesnaululasimllugae 0-1000 dnd Hesnaugnesauuuli
Snwauzluzunsinssuenuarmuanisviisusisaeuiames aelusiospduay
UNaUme auuausou SiC Lag d13618879 lag SiC agyiliian1siinausauwuy
nay Ao AruauniAnneaulilasian wavAaneuain SiC ﬁ@mﬂﬁmﬁuluimnﬂ/\luﬁa
Wasudunwdanuanuieu dmsunisingumgliaglindessdanuiou (R camera) 210
HANIINAABINTTHNITER YZIO,, Ce-Zr0,, wae ALO, a8i5lulasinlauing
(Microwave hybrid) lethund3suiiieufunswauuusaia (Conventional heat) n13

TianuSouiuianeieds Microwave hybrid ldsssziaiesnings 3 wh
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JU 2.29 wpnlalasiamgamaliaswuudsialvandmiulvianuSeuiuunay (Hybrid)

U V04 Croquesel et al. 2015 [38] lawauammlulasanuuudaialvun

AMA 2.45 GHz dwsurnTagusniin wuudhludflaswmmisziidnvuzluiesdmvasy

8717 YIUNUNNUT a=86.36 N, b=043.18 Ui. @IUAINYT L Lag @1U150USUIUINTD4

ienaula MaguR 2.30

JUN 2.30 dnwasinmnlulasianwuudaialyie a) 01w 3 dfvesiosnauiuudeia

19UA b) hUUI1aDIMBIAAUEINSUNISINABINE [39]
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adululasinasindeuiiniuviethaduuazdetlesa (irs) fianunsausuawinanunield
Aeufirzdlvluesrdundivuiuntsdndunifitudae plunger fianunsaideudieen
I¥ileUSurunanuenvesiesnauuarinaaniy Tnslnuavosrduiiiatumeluies
Adu Ae TEy, 18 p Aesiuruvesaduiiannsafetuldluiuiauenvesme nng
sonuuUliiesrduaunsaUsurInaNeI s iinasensiinslowuud (resonance)
Favziinasennuduvasaurulniluiesndu Inenisideunisdiesnves plunger 9t
AnTudmluiinnnszuuaiuau (Feedback control system) vinl¥anansaauauAI
duvesaunuluihneluviosmdulddamneieainsomuengumgifiinneluriesndy
[WuLReaiu Tun1Teenwuuln N1z lisn 193180 9maa 281U COMSOL Multi-
physics Imaa%ﬁaLLUUﬁi’ﬁaaﬂﬂJmﬁam?{umugUﬁ 2.30 LaghUUINaDIVDIA1TF0819HAY

SiC mmgﬂﬁ 2.31

9 mm
—
12 mm
8 mm . E 1
£ E i v |
EI b= 1
[ee]
a b —_— c —
) ) 18 mm ) 18 mm

JUN 2,31 Wuud1aed a) @15978819 b) ansiegnalu SiC ring ¢) anseiagnslu SiC box

[39]

Ty e dileAnwIwuuanaeswse SIC NilnarnoAIANUNYesaUL Wi luiIRdy Tney
NANISNAAaDIaAdlAUI Aenuuaunulndln (Electric field norm V/m) % 20000
V/m 914 SiC ring wag SiC box @asld Cavity length @19 F9928NAI9Y1INAVBINTT

Tavsnanlulusinsy COMSOL Multi-physics mugﬂﬁ 2.32
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U 2.32 wansinaeeaslusunsd COMSOL Multi-physics a) Electric field norm Tu

799AAU b) NNAAVINVDUUINEBY [40]

e % v a | a ! o oA .
it niduresaunulniluiesnduusasgniiauansdeiuiiesain amplitude
4' 1 o oA A ] v o = o !

voenau Tuldaziuniadlilaviniy Fadumanalunisasieuuuiiassiemdiuns
AMUNTRIEWILN g 9a0 waEIINATMARYINLAAITINANITTIAY TunTaln1eY

. f i ° & =i
sample alone, sample + SiC ring, Sample + SIC box lngnan1331ae8Tuluaug Uy
2.32 dwmsunisingangilunisveassil agldndesiedanuseu Quarvinesluduila

(Thermocouple) TnglmiinIsAARY UanwmIugun 2.33

1%
Y

JUN 2.33 nsinnsgunsalingamgil lumwilulasiav [40]

= a v

MnuIdpRnanudulngaziidnvazussesnauLuUTLAalRua (Single mode) &4

v
=

A a ) Y A a o -:4' d' a v = a
ﬂau’ﬂgllLWEJQ‘Vi‘LNI‘VTlI@ILVI']UUV]Lﬂ@ISUUIHM@QﬂaUI@Sﬂjqﬂiﬂﬁﬁﬁuqﬂmsﬂaﬂﬁ@\‘iﬁau"ﬂgﬂﬂq
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=

ThaAeeiuAudveILraInItnAdY T9d9aRAD @1N150MUNUAAINNLTLYDIEUL LA

loined wazdanuduas uwideds Ao dnvuzvoiieinauaziiauiain ldaunsaiy

[ IS

Mavoumisnlilasilienisifiuiuuninseuld uazuinalunsdauasziiand
Uanaution sty Fesrauwuuaiivan (Multi-mode) fiflvwaluginninfesnduuuuda
Aalnun Tnesrurulnunaiisduninauinvesiosnay vinldn1snszaedves
aunlliisusnasiesrdy uavhlranuduresauslniirdiaimas Feswnaunuusia

9 o a'

Alnungnitludssendldnuegraunsnaslunisliniuseuduianisaiululasiom

q

wu llesinasuseu wWusy

- udvelulasnlusisUssinanuusiaflvan (Multi-mode)

NuUATeUe Mishra et al, 2006 [41] @519LUUTIADINITIHAITLSOUR I8 AAY
Lulpsniunaiuin (Fe powder) Lﬂ'aﬁwmamiwﬁsuu‘dammuqﬁLLazwawmsz
eufunanisnnaes Wnevinsdsnvunvesnanan (particle size) A1 emissivity Tng
1a9IWAMIIZLUBUID Finite difference time domain (FDTD) tuu 2D taztiiguiuna
n15MAaa4 (experiment result) Insuuudnaosvodnnalulasia meﬁﬂgﬂﬁ 2.34
dusznavveanlulasion Tnedvespduauin 40x62 cm? HHauuniinsou power
1100 $0d A3A 2.45 GHz WAEIAUNIUALENaY 7.1 cm kase1 67 cm Antfarudna

Yosviesnauieldvieagiul (alumina) MUaUmevienaestiNalnvdeesesdmiuld

a

Voufalvilnaiinageon lngnisnansazinduluusseiniavesuia lelasau aamgll

Y

YOIF1TINAIENADITIAAINFTOU DINNANTITNAGBINUIT Metal powder (particle size

<100 um) Wudanaiusagandundululasinladuasianinufougumngige anely

sreznaduY unsuviiaziusdiuvuiniayaulavesian
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JUN 2.34 wuvveamwalilasivldmsudunsenianlany [41]

11AT8v99 Somidin et al, 2015 [42] lfUsggnmnlalasianiiuainad 2.45 GHz
UIAAIES 800 Tnd ko SANYO (EM-520882/V) dniuliaaiudounuunau iy
a13UsNaY Sn0.7Cu+1.0wt%SisN, tnelda1vugldiludisogiun (alumina crucible)
wazaliduludag SiC crucible Bndl uiWuimuadIBauIuRuAIEDY (lumina-
silicate refractory ceramic fibers) mugﬂ‘ﬁ 2.35 lngusumdmasadululasanls 5

& o a

S¥AU AB 136 TA9, 264 TRs, 440 TRR, 616 196, war 800 TAA Taaanninieluian

q Y

Tulasnvlmamesiusulda sin K

| Mierowave oven

=t Power settimg

‘ t—— Time settieg
Fiberfrax msulstion
] |_ — S cruckble {suscepoor)
t—T1— ——Alumina crocible
I Sample bulk
|l - —Dummy block

—_] —Turmtably

U1 2.35 msdnsgUnsalialunlulasim [42]
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L%

- Ansdnsvessuidelulasian

31U T989 09 Shalva et al.,,2003 (Patent No: Us 6,512,216 B2) MICROWAVE
PROCESSING USING HIGHLY MICROWAVE ABSORBNG POWDERED LUUASWAILIAINT
lulasim vunarids 2000 a6 AAad 2.45 GHz Lilenaeunslavs Tnouaninugud

2.36

\\

gﬂﬁ 2.36 dnwalznsoankuumEilulasyn [43]

UITYDY Maschio, Antonio et al., D Young & Co, 1997. (Patent No: EP 0 892
586 A2) Microwave furnace for high temperature melting, decomposition or
reduction to ash \funsanansdnsludauvesnisesnuuy aunsalfild lnganansagay

5UR 237

JUN 2.37 anwagmMIoenuuummIkargUnsaiaveun ki lulasiam [44]
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- uATevasnsduasiziiagmasludianvsndieadululasion 2.45 GHz
91U338Y83 Zhou & Bai., 2012 [45] Uszauaudnsalunisdaunsiziianmnasiug
WBANSn @15Useneu Mg,SiLsn, (x= 0.2, 0.4, 0.6, 0.8) solid solution @28LA1LNA

Lulasiavl lnedimsnSeunsmaaesdisguin 2.38

o e e N NN

-

|
O
O

O
O
=

I I J M NN,

(n) (v)

JUN 2.38 wanawxuannszuumEalalasn (0 wilulasian @asugldansieg

[45]

Tunswsean1svnaeinsduasizidanmesiudiannsn Mg,Si,Sn, seaaululasiam 14

Y

uunfingau wuIn 3.5 KW 1 63 Annud 2.45 GHz vihaamgilena 600 °C T6ian 40 unil

Tnendunisdansznianeie3s Microwave direct heating 91nn1531A3989A98 x-ray

diffraction (XRD) Buffuinanunsodaasienlaian Me,Si;,Sn, Wnedl phase ve3 MgO way
P

88 warann1sAny AN URmNeSUBIANYEN WU Me,SigaSnos UuReuluifiign fen ZT

q

Uszannt 0.26 7 500 K

NUATYVS Arreguin-Zavala J et al,, 2013 [46] lafnwidnwuzlasedsnuazauin
n1amesludiinnSnvea15Usynay Bi,Te; and PbTe-Based Alloys NdAs 13988
NT¥UIUNITIAAINSB UMD Microwave sintering Farfuni51n BisTes and PbTe-
Based Alloys powder 7111115 calcine u phase Wa1 4191115 sintering AELATLN
lulasuanl wuafds 1.3 kW fimnud 2.45 GHz Tneldanmail 873 K 20 unit wazvinis

Ipsilassasamdniemaia XRD Fawanisvaasadunugun 2.39
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U7 2.39 namslinseilasiainsudnves PhTe [46]

d1m3U PbTe MnMsAnwInudtiloldianiagaaumginmunsay AMUnUILULYeEIsH
lpaediAmaaseanns 95 % 3NNTIATIERAIE SEM ienTivaaulasasianudl PeTe &
Grain size anas uaranifniunesludidnvsnd miu PbTe ffngsan ZT Uszuno 0.42 9

617 K
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A5N15ANHUIUIY

3.1 Mssassnaiafouiivaseaululasianlumimn
msAnwIn1sindeudivesadululasiml (Microwave propagation) Lileeenuuuuazaing
wslilasion fegdsenauludne undsiuianau viethadu siesnau gunsailiestundu
£ vieeond flavie wiu SIC wagTandidesnisliianuieu afinssuaiuntsdneimuui
3.1 lapfLuudiaes nMsnsratefuesadunazdunsiionseninaaululasinivianly

HRNIZYAUNUAIBRUUT RO WARIAAIAAS (Mathematical Model) Tiifugnaunisves

WUNGad NSMReN TR uLaz uTErIsauLLmAnkazaut il v lldaunisaau

%
[y

YDIAUINIHDY Fepgluguresaunsiiveunuses NTuduawazsiumidly 3 48 n1sui

auntseaululasnnaneldteulvvsediinardunisinaaui tazkauluuaulIAYaLATLNA

[
Y

au1savinla 2 35Ae szileuiBiains1en uarssleuitdaey dvsuanuideily
s dauasinludiefiuug (Finite Element Method: FEM) simuluswnsudnsazu Comsol
Multiphysies 5.3 daulusunsaiiagaanlumsldon anmnsadmusgusisazainvosianls
98199d5¢ UavlUeanSamiaraNgNARIlUMIAILIMES LaTaINIANEAINENITIATIZN
$nanvane Ineanugniasuazanuitusilunsinnasiuegifuruinues e la

TuN1591809451923UNNNNS WWEULUU M8 CAD %58 Solidworks

JUN 3.1 wuudnaesamnlulasin wagdiuusenau
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[%
(9 [

Tupoun1siiasmanielusunsy Comsol Multiphysics 5.3

L% & 1

1.n19denaunisadulmantuii Faduaunisliseuiustes (PDE) waztannisn1sAnen

3

v 6

WUy Frequency Domain dadunismuualilusinsumuiumneuuesaunts PDE duwus

ddo

uAMUANAYILA
2.85193U5190uuUTIa0eWfeInTsAn e 10ugUs 19Ul UUIIaeY WU etady Viesndu

Judiu Inegusiededlndifesdvdymassiiinanisaundannugnses Inglulusunsy

o

Comsol Multiphysics 5.3 asflin3esalifenldvalsguuuy uananideaiunsonslng

WUV 8lUSENSUAWTNUNElUA151a09b0 WwulUswnsy CAD 38 Solidworks

(% I o (%

3.nmunandinaziaulvveuunliduian Aenisaivuadinaiianeglinssiudany

q

V4

@onld(U, €, O way € Judu)

4 nsimussuneBiuud [Bumaniuuuiaeseenduiugenidng Feninediuus Tnsud
avtoAnudToxlssiusuinulasmioMesh

5 maudtlymidtemdinouiusiigalisean Tuduneuiandutunsunismdreuiuysii
Laisen meszdeudtliludefuiud

6.AMrpuvasdapeaululasinife Avesaunillii Fsazgnih Ui mginaiiioldlunis
BoNLUUITWO N

(Y]

lunsdnasstiisnasfnwuasiReulunangs tunisadammnlulasan lnswendiu lasil

SU 3.2 BanauAISIUA SIC LUUWKY 4 WHY 9U1A 7x8x1 cm

Y
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JUN 3.3 viomewd YuIn 5x50 cm uagniUavie

U7 3.4 Fa3naU YU 30426118

n1sdrassiliiafnwieulandngalunisasruaimnlulasian Wy N15rIAIRILIUDY
N oo v 1% v a = d' 4l

auuwdwdnliihndanudyasgaiarasnsaaidilanisinfeunivasaundviantniily

#83A3U 1AENITLABYNUS wasdNNLNEEWABNITNIVUIANNLIZANYDY SIC dIUSUNTS

Wasumaululasnviduainudou

v
3.2 N15a519uazUsEnauLnLin tulasan
PAINA A VIINITASILUUINADINNAMAF AN S A b519LUNYIINTAT 1AL WU LA
llasenl lagagldausiazanudalaannnisdiaes usinsanannisvinulagsaves

[

Rt

JUN 3.5 wanmsvhaulaesinvesnululasim
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wazUAwm i lulasivivasauigyaynasunu dmsudaasziiannesludidnnin

SnTe

JUN 3.6mntlalasiriviaeawiay s INAaL U

3.3 N1589A518ATaMasIudiann3n SnTe 62875 Microwave synthesis
method
3.3.1 dapRunazansiatitldluauide
- Tin powder: Sn (=235 mesh, reagent grade, 98%) NAMLABUS YN
Sigma Aldrich Usgineanigatisn
- Tellurium powder: Te (=325 mesh, reagent grade, 99.99%) WanlauuTeN
Sigma Aldrich UsesnAansgaLisn
- Bismuth powder: Bi (-325 mesh, reagent grade, 99.99%) WanlauUIEV
Sigma Aldrich Usginfanigaiasni
- dndusariiUsiaannlosou (Deionize water)
- Lafiaueanesea (CH;CH,OH) F’]’J’]SJU%E!W%%JEJEJ&S 95 Wasidud

- uAdD15NBU (Ar) AUV 99.99%
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3.3.2 gunsniuaziasasiieflélunisnaaes
- aurdmsulEnans (Crucible) lauA feagiuiiunns 50 mL uag 200 mL
N3¥UrorgiuIvIn N19xe1Ixge : 35.0x6.5x2.0 cm’
- \n3eadRdnoaniuaziun 0.0001 N3 Ju Pioneer WARlABUTEHMN OHAUS
- NARInTIITUANTOUBUNT LA U E-40 USEN wnesluawny Useinealne
- %qugzmmﬁq’u E2M28-21 nanlngusem Edwards UssinAsangy
- viepdeadviuguMgNgwiivuInldurIuANENane 5.0 cm
- widnlansednuunn 15 fu HaRlagUTEN KC HYDRAURIC Useinalney
- Ufendmiudnuariuguans Iiun wusUnsinssentuIndushugunansnun 1.0

cm

- ASNYUA agate

3.3.3 ASUIUNMSHAATIS TaamasiuBiann3n SnTe nasaedy Sn, Te
NTLUIUNITAFBULALAWATILINBLMALNA SnTe UL SULINADUASINAITHIHU SN

UIgVIS 98% 11U Te USavs 99.99% vimiswausiudadiulua (Stoichiometric ratio) luasn

q

2NARNNEALNS AT U

Sn (s)4+Te (s) —> SnTe (s) (3.1)

2
= E% 1 Cs

denavauiduilaifertuuainiusntuguluvdenifidurugudnany 1.0 cm usedn

Y

1,000 kPa t¥utia1 10 wiiaglaldaansdeguin 3.7 diaansildazgnialumuaaleily

'
o

Wk e nasawilgyyInIAsuNUa dvsuduasizidagmesudidnnin lu

Us38INIAesNoUNdansNsiva 1 L/min fsgui 3.8 meau

JUT 3.7 Winasnsiu Sn+Te AIRNUNISHALLALSARAT
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Qoaeant
SRLBNEN A
o &

UNSEUATIEI SnTe 6138 Micro ave
LIRS
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3.4 WALANTIATIEDUNLNYIUDY
3.4.1 mallAN151a71ULYRe3ELang (X-Ray Diffraction: XRD)

WMATANITATIAADUNNNENINYT (Crystallography) AI8N1SEELUUVDITIALDND

(%
A

N3N unlnugedn “XRD” Nz UaNANBUENIILASIAS 1NN Nhaz I UFI1UIT AN

q

Snuavianzvesasuiazeialaufiouduinmessiu adeifsdeldindunsameasu
nEnlunuideaded] iieBudunavdanmsduasesiinduluauiannfsdela Tunis
nyvaoundsillalfindoanendisdanunsniniines (x-Ray Diffractometer) §u XRD-6100
¥93UFEN SHIMADZU §agudt 3.9 meldfifeulumsvaasuiiavaunusm 20 = 10— 80 83

WiNyuATIaY 0.02 89A1/AUN

5U 3.9 1A383 X-ray diffractometer 31 XRD-6100 ¥9suU3EN SHIMADZU [47]

3.4.1.1 ¥anNN15V9NALANISLALUUYBISIFIOND

%’aﬁwn%ﬂuaﬁmmmﬁﬂiWﬁwﬁwﬁﬂﬁﬁmmmmﬁua&_ﬂmm 0.1 - 100 A wazdl

Aualugae 106 - 102 Hz Aunuaswsnlud A 1895 Ine Wilhelm Conrad Ronteen

i
s

Undndvraeesiu Anussdilaetudgruzfnvinseuaiiuiiglunaonsdunlng vl
wa v € e R R EY) i !
AuauURAvesdlendiaueneaunlndifgsiuszeeingsenineszunu (Plan) vesesnauly
= A a @ S v A - A~ = a o =i
Wan Llaiansannsenuivesaeundnisdasesiniulussitovluiamaviyuiimangay
wiinguluunsiaegau (Diffraction pattem) Fu - Faguuuunmsiealuuiliinasdanuy
wnewanaeiuluIuegiunsinseerneutazdauisatumuindeunaudmsuly

o v a aal va ¥
avenINNsInSesernauly 3 ARlaoneae
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[

nsiAngunuumaisvuiuty aunsnesuisdnngnisainisiindudengud
mendude \ledefidlondiifmmaialunnnsznuyiauiveynenlundn azvinliAnuss
nspiwiedidnmseusuiilesnainauulniiivesniy ﬁQﬁ?uﬂa;mméLﬁﬂmau%é‘“umu
Fameanuivesndusediond uazazudSadusmdnlnieonuinudimiznisduves

a & v aa ! = d' N d' ! v d' v o al
Blanmsau LagSaENLNeeNNIRAINENIARURIDAINDLYINAUAIINEIIARUSIELDNGNRN

o
v A

nsznu afeutvezaentfunnadsindandu dminfinnsanaznuiinduiiuiesnuitud
NAR9YBIMAUAY (Path difference) wasisdilondauidudidouazdunamimgud 3.10 &
pAusadlondnBatanudvhygivnzaniuszuueznoNazyiliAansEs LAY waglunsdl
fdahuudvhulimngaudussuueznonaziliAnnsiindaf fMagui 3.10(0) waz

3.10(%) MUa1U

(n) (v)
JUT 3.10 uanInas1an1aLAu (Path difference) ¥essdiendd

(n) w@sunY kay (1) wnalenu

Tud 1913 William Lawrence Bragg ldafurg3uuuunisiagauuiiinyuain
Sedlend dwalilasusteialuluasiuiu William Henry Bragg (0a1) Tul 1915 @sesnse

fgaillamugun 3.11
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JUN 3.11 wanslnozunsunadiiamaau (Path difference) voe3adend [53]

INFUN 3.11 WsidudiiRuunumeSadendinnnsenuiazavvioussnlUillevuiusynoud

1 I [y [ Y & [ vl 1 a v a ¢ &
@Qﬂﬂﬁ%ﬁ%ﬂﬂU‘ViNﬂULU‘Ui%ﬂg d sududunsieans YMrdkaaaaauuesssdengidu

(AB+BC)—(AC) (3.2)

(%
Y v

AAUALNDUSIFLBNTVN AR ARl ansat U oLEsuas197y  LnedtauludTNanI9IN19AY

wasazdaadandusunuiuvinvesauenadufinnnssmuie
(AB+BC)—(AC')=na (3.3)
wanANALTUSIEnIyEYes AB BC uay AC ldfe
AB=BC=0/  uax AC=207 (3.4)
dlofiasanduniswes AC' 2zl
AC’'=AC-cosb (3.5)

11 AC Tuaunis 3.4 wnussluainisn 3.5 agladu

AC' = (2%in 9)c0s2 0 (3.6)

Praun1sn 3.4 Tudruwes ABuar BC waraunisn 3.6 unuashuluaunisy 3.5 aglaidu

(2d Gin 9>—<2d lin 9)0032 0= 2%in9(1 —cos’ 6’) =nl (3.7)
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Tunsfigaunastmiafuvessdiondfinannun Wumsuandiiuszesiiasenineszuiy

[
(- 1« v o

Yasaznauly 2 AWty wiluanuduasesnaudnseasiuly 3 Takazluwsazlasasna

;7 (%

a ~ ! Y] = v & aa s . .

UNAINNAYTZUNUNLANANNY FILADITEYTPUIUMAIUMEAY UL (Miller Indices)

IS VY < A [ o < ' LY v A o

Feulalu (hkD) Tae h k wag Liduavd unududiundureignfnuasssuiunfnnni x y

LAY Z MTBLNUNNAEINTIMUIEYRINAINAINEIAY. AIRE 1 un1T9RdA (1,00,00) (9,1,
v aa

®) waz (0,0,1) winvilamesilu (100) (010) uay (001) LLamléféquUﬁ 3.13(n) 3.13(w)

Lag 3.13(A) RILaINUu

WiedngUaumsn 3.7 WeglugUegneshy  wazsasfiansanssueieseninassuiulus

[

yiRamesas@oulaidu d,, sxlulymumrmduiusniungveswusnd

(asd

NANTEYA

(Bragg’s Law) f®
2d., sin@=nA (3.8)

d’ S 1 1 1 U <
Wa d,, Ao TvE¥NTENINGEUNU e Suansoy (A)
0 Ao YNEEViBuNNTEUIULUINAY0e AendTeasiviniu
UUANNTENY Y1138 891 (Degree)

Y

A o = A & o < ] !
n  fAe §1AunIsaeAUL LaeMIuINUILANUINAILA T3, ...

A Ao AnuenAauaaIn e ssdend il duansau (A)

(n) (v) ()
U 3.12 wansszunuwdnlulasadnuuugnuiad (n) seunu (100) (9) szunu (010)

e (A) szuu (001)
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dmiunisniAtAfiveslAsanGn (Lattice constant) ¥as SnTe &eillaseaiisuuy
Face — Centered Cubic (FCO) MUAIAY  &1315OATUINMIIINGATILELTENINTEUY

dmfunanluszuugnuian (cubic system) FailArasilaseudn a=b=c aglanuduiusae

a

Jh+k* +1?

Aoy = (3.9)

e a As ANAILASINAN MUY 998n58Y (A)

A, kway (Ao avtilalass wuae ladl

3.4.1.2 d9uUsenoauva AT LanTLsaanuNsnINAmas (XRD) Lazn153tASILH

NaFULUUNSLREUY

v A

DIAUTZNIUNANTIAIAYVRILATDY XRD TilElucuIded 3 diufe 1) Wnasniinssd

lwngAINeIAAULAEY (X-ray tube) ¥l Cu K, Milaaiuenapau A=1.54056 A 2) Wi

NENIAIBENNAITAERUUTULY (20) 18 3) AIngI9TuAIAININSIEeNG (Detector)

v

NazviouinaInarsiegsluausnge ieluussinanadsseuatives (Monitor) Tiiulu

SULUUNISIAILUUTIANTY  wALABUAUAINIASEIY (Standard data) NnInead1ansla

Fuswdeyaguiuunisiienuuvesansuszneuditgdmsuilugiudeyalnueddnsiivedn

JCPDs (Joint Committee on Powder Diffraction) = ¥nlyns1uisiinuadd1si10e1999n1S

[

dy a & o (% CY o 14 ! 4 Ay Yo
psa9deu uenInddwlleUnsaldmsvatvauunisinaulaun wuauﬂawiwmsﬂﬂﬂﬁqq

9 9

(High voltage transformer) &@1u5uinalviviaansidiond sruualIvuAUAITTAYY

(Goniometer control) dSuliaINaIfieEy Navaetinandlanagui 3.13
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WONINUUAINAYDIFULUUMSIAEAVUNT g UGN UBN TN 5YHAYRINI S

InSeenvadlasiasneeznaulaansie lagnaisuteulvanaesifiaees wan@i0819v99

laseaemdnuuUgnuIAnLAnILA1SI97 3.1

lpssamdniussuugnuidnineuludviiianes

TAsad19anan

(Crystal structure)

WanIsazNau

(Allowed reflections)

ldiAan1sasiay

(Forbidden reflections)

Simple cubic

N7 hk

lidl

Body-centered cubic

ht kel = Juavg

Atk = Duaai

Face-centered cubic

hk (e

YIDLAVATIINLA

h k[ AR IATaVNY

I ' a
LUuLa“U@LLagLa"Uﬂ

Diamond

face-centered cubic

Ak (Dupiavun vse

L‘ﬁ‘lJLﬁ“U@jI@EJﬁ heks( = an

h kL ealadmilainuduiag
a" & I~ I al'

waziavp wisatduavglaed
h+k+( = 4n
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3.4.2 mallan1sinalaunuduiaaininaseaniuassn (Dimensionless Figure of
Merit: z7) [48]
o (Y] | wa 6 a o a o a ]
dmiuasiraeuainuautinIunesludidnniniieinies ZT-meter U LTZ v89

U3 Linseis wanalanaguil 3.14 anueandu

JUN 3.14 1p38330AN ZT U LTZ-meter ¥89U3¥M Linseis

3.4.2.1 Bann15InAFUUsEANSFiuakazanInAua NI Ul

a136198199n 219l uLRARITENIIIUABNAUUL (Upper block) kaguiisnauang

(%
4

(Lower block) fudanstuaslevinnisinsednnes (Heater) d1ususngaiusouiialiiiig

a o o [ J

NI UAYRIgUNN AI3UN 3.15 dusunisimuna1duysEansTiunEiNIsInnas1g

Y

a dll ‘:ll o b4 ! v 6 gj 14
gaunilnazusaadouliiuvietininainuseu dE (A1ueedng) vanueaiunsouansls

Anuaun1sae Ul

 * _thh

4!
qT (3.10)

a

d' & ! o & A o a i
dlo dV, Aermusnsfndiliesinanuiou uas dT Aenasisgumnnd

Y
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JUT 3.15 uansnsinanaidinansimegnsdmsuinnuaudinanesludiannin

v
a ada £y

TuvagiviinsiaardudssdndTuaty aanimannudumuliiingninlundeuqiusiie
Tnefinisatenseuatniimainldlubdnansdlegnsazyvinliinannus1edngnnasaudu
FEPINUINANTAI9879 9tz VIINIsnALsLAdaulnHNaInANNSeusan  A1U1SOLARY

AsAIAUAIANLA UL leRINaLNsalUT

_dV-dE
|

R (3.11)
Wa RAsANAIUNIUNINAY dV Asanusisdndanasey dE Asusuedsulninain
ANUSON way | Aensehalniln A1naun1sh 3.11 @ursafuINanINAILA T Un Ul
19AD

(3.12)

A
—R.2
NG

[ '
) =

We  p Avan wAuA UnIUlWNIT NI A Aeunuinfinvesa1siiedls wazd Ae
szuzvauveslualila

3.4.2.2 ®ann15IAAEAINLINANGDU

< Y 1 v % 1 o 1 ' av Yoo ay v

dinasdegnagnininelieglusmunidaunansdunglumildmnungung il
wduey w gaumngdnlanmualiansitegvziinisudiidesnuivazgnidneiiad (Pulse)

= IS (Y v € & o 4 ada Y ! o X
30 Fuauunay (Xenon flash) wasuaniadilunarinligumngiiniiaisdiegruiiudy

HAYRIQUNYUMLANTUNRINIUNG VR IANTAIBE1998NTAAIUAINTITUTIEBUNT WA (R)

Y
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ANAISIgadsgUT 3.16 AmsunIneaLFeu (Thermal diffusivity : o) LazAIA1NY
AuFeudimz(Specific heat : ¢, ) sxgnAnandoyavasgungifiiintuieuiioy
ffunan daguil 3.17 \deldnansfuaiiaenduiiFeusesudafivhnannadeudiay
iy (Density : p) V99@15838879 Fazanunsaruinaian i useuldnig

aunisealul

K(T)=a(T)-c,(T) p(T) (3.13)

JUN 3.17 wanmsuaratdusenaudmsuinaan1niinuTeuyeansiieg

' v
a = [

JUN 3.18 uansgauuiifiiiuduvewieg NiunagndieLageiiad



unii 4
NAN1528LaZN15AUS1ONE

Tuunit 4 Junsihiaveran1sisouasmseAuneravesnsinywarasanuuiiasinis
\ndouiivesndulaulasim vunnvesesrdufiianzay dnvaznsazioulasgAnduTeIAaY
lulasin nseenuuukazasiandesile waznaveinIsduasiziaisusenay
SnTe,SNgosBio osTE WAL SnTe+G Ineiiadelumsinaueadsl

4.1 nsadeufivesedululasnlumiuaznisadaedesile

4.2 anvRLTelasaass (Structure properties)

4.2.1 nsiapauuSediend (Xeray Diffraction)
4.2.2 snuanlagalal (Raman spectroscopy)
4.2.3 X-ray absorption spectroscopy (XAS)

4.3 auvAelvila (Electrical properties)

4.3.1 anmn13un b (Electrical conductivity)
432 dulszansdiun (Seebeck coefficient)
4.3.3 uniwesniaslnil (Power factor)
4.4 g@nMA1sHIANTaU (Thermal conductivity)
4.5 Dimensionless figure of merit: ZT

T8I INUAAINNTOLAANTIEASLDEA L ANUFTaT 1R UA A D LUT

4.1 wan1sAnwInIsnaaunvasnaululasianluaIkn

= N a o ~ . 44' Y]
nsAnwInIsraeunvesraululaAsan (Microwave propagation) Wi8eonNLUUKALES1S

'
a =

W bilasan 1azUsenavlusiiy unasiiidnniu viedirdu viesnau gunsaidesiuniiuy

Qe

| 6 d'q ! 1 n o/ d‘ L 4 ¥ = d' d‘
2 19AI0AY NUAND WU SiC LLﬁ%?ﬁ@%m@ﬂﬂﬂilVﬂ?qﬂJi@u 9nnsAnwIRdululasINg

all

ANUD 2.45 GHz wudnuaznisiadeunvesnaululasiinlurissnfuildnuugdgui 4.1
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LY

JUN 4.1 dnwauzmaniounivespaulilasianluiosniiu
o 4 ! o d‘ :’1 IS = 1 a
ilvnsvinadulalasivaiiud 245 GHz TulianugninduegUseann 12.4 Wufuns

WH99NVUIAVBINBIAAUL VUG 30x26X18 LURIAT VN EANUINSNBULAISASYDUVDIARU

) =

Lulasinluviesnduilod 2 A1e19AdY Lagdeligafiamuduturesausiniigeiign Jaas

9

Juteulalun1seiiuniaves SIC Nmagaud1nsuniseanuu Uit taediaisiiden

sunuslunisang Sic louaasdungun 4.2

SUN 4.2 M3 SIC Mmeluesndu

gnuIndlersn SiC Wiluesndin anvazrainisasnentazganauvesnduaviuisuly 8n

1 1 '
v s I

eAANUUTuvesauN i n1eluRssrdutuiA1anad LHou1a1n SIC Julavinnis

anndupaulilasiv uduvasduaiuiou augui 4.3
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| S

JUT 4.4 Mm3eenuuukaraiaasadlulasinssuvayyne
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4.2 @uUMBelA5Ia31e (Structure properties)

ASAWATILHEITUTENBU SNTe,SNgosBigosTe kay SNTe+G @1u15an519aaulATIAs
1#a1nia3ee XRD lngn19iiisuiiauinsgiu UJoint Committee on Powder Diffraction
Standards: JCPDS) 983d15Us¥naU SnTe waztuniasmzinsidsunlandslasadslag
Sl munefideinisie Fe B Waluunudl sn? lulassadreves SnTe waznisifiy

Graphene 5 wit% lulassainaves SnTe gnATIdaaUmMeAlia XRD,Raman ag XAS

4.2.1 msiaeauusdiend (X-ray Diffraction: XRD)

91AN5NT 4.1 waninsa XRD 389a15U5ENoU SnTe,SNoosBigosTe Way SnTe+G lae
Joufufinunsgiu SnTe awan§y Fm3m (JCPDS: 46-1210) wudnlasairavdnsionund
1A59a519 SnTe AsIUNALINTFIU IAENUIINIA8 Bi 5% viliniaves SnTe 115 shift I

% %] = a a e 1 a =1 a 3y ¥ a 24
ATULEY Lu@ﬂll']ﬂ']ﬂLLa@]W%W'ﬁ"liJLm@ﬁllﬂ']LW@JQQGUU I1NA1TLAL Bi LGU']I‘ULL'V]‘LW] Sn

gﬂﬁ 4.5 N5 XRD U89 SnTe,SngosBiggsTe kae SnTe+G

a

2103 XRD wunldnwuilaansiis Bi 39enaunansliiuiiozmnou Bi ot lunny
2enay Sn TulAs9as1a Funmnsan XRD Wiulen LAANISIE0UAILIUYDY 20 YkAaziA
nfANIATgINiesanvuInsailessiinuad Bi Hvuialuguinnda Sn waznisidy

Graphene tlUlulassadenlinufinues Graphene
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4.2.2 sruuadninsalal (Raman spectroscopy)
1{19991Nn1901989LAS1ERATUTENOU SnTe,SngesBigosTe WAT SnTe+G @115
avaaeulassaiildanniaies XRD Tnsmaiisufinuinsgiu widlevhniswisudeufionds
Hulsiwuiirves Graphene FruFadoddinaiaswuanlnsalal (Raman spectroscopy)

lunstudunaznsisaeunisidy Graphene ilululassashaves SnTe augun 4.6

U 4.6 n579l Raman 04 SnTe Uay SnTe+G
9200579 Raman 999518879 SnTe Uag SnTe+G 2WUIILNITNU Raman shift V93619819
SnTe+G 71 2680 cm™ wag 2947 ecm FatYuilnves Graphene vilsaunsadudulainny

Graphene TulAs3a3519909 SnTe

4.2.3 X-ray absorption spectroscopy (XAS)

mMsnsavaeuiidmmneiienstudiuin Bi AiFolululassas SnTe Sudldunud
Sn 9fBNIAANTANNNTUT 4.3 uansns vl XAS arlnp$imes Bi fitaemdanumsganauey
Turag 13420 eV 9nmspsaadounUiniezaouyes Bi mdedalululasiadns snTe tudn

TJunuit sn
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JUT 4.7 uanans vl XAS atlnniuvesansusenau SngesBiposTe

4.3 guuALdelnila (Electrical properties)
4.3.1 ann15d1liil (Electrical conductivity)
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ARTICLE INFO ABSTRACT

Keywords: We successfully synthesised SnTe-based powders (SnTe, Sng gsBig os5Te, and SnTe with graphene addition) by a
SnTe hybrid microwave solid-state method. This demonstrated comparable thermoelectric performance to the con-
Graphene ventional heating method but had low energy consumption and rapid synthesis. Graphene addition to SnTe
?g:rifo::zﬂzave materials resulted in significant reduction of thermal conductivity. The SnTe with 5 wt% graphene exhibited a

reduction in overall thermal conductivity from ~10 W m™! K™! for SnTe to ~2 Wm ™! K~} at 325 K and showed a

moderate power factor. The Debye model was used to explain the origin of the effects of graphene on lattice
thermal conductivity. The dimensionless figure of merit was increased by five times, from 0.07 for SnTe to 0.35
for SnTe with 5 wt% graphene. Our results demonstrated an effective method and additive material to synthesise
and enhance the thermoelectric properties of SnTe materials.

1. Introduction

In the past, thermoelectric (TE) materials have attracted consider-
able attention because they can convert heat into electricity directly and
reversibly through Seebeck and Peltier effects [1]. The TE efficiency is
mainly determined by the dimensionless figure of merit (ZT), ZT =
S?6T/x, where S is the Seebeck coefficient, o is electrical conductivity, x
is total thermal conductivity, and T is absolute temperature. To enhance
the TE properties, we can increase ¢ and S, and reduce « [2,3]. At
moderate temperatures (523-873 K), commercial and relatively highly
efficient TE materials are currently available, e.g. PbTe, which have
superior anisotropy in the crystal structure and intrinsically low lattice x
[4,5]. However, the toxicity of Pb has motivated researchers to seek new
eco-friendly materials with enhanced TE properties [6].

Due to its low toxicity and proper band structure, SnTe is one of the
most promising lead-free alternatives [3,6]; it resembles PbTe in crystal
structure (rock salt) but has far inferior TE properties [7-12]. Two
common doping elements, Bi and Sb, have been shown to improve the
TE properties of SnTe [6,9], and as donors can reduce the carrier con-
centration. However, since several parameters affect ZT, it is difficult to
enhance ZT by tuning the carrier concentration only. Lattice « is the only

variable that is independent of carrier concentration. Hence, reducing
the lattice « is critical to improving TE performance [7].

Generally, the synthesis of SnTe material is energy-intensive and
time-consuming, consisting of melting and annealing the starting ma-
terials at high temperatures (973-1423 K) and soaking for a long time
(6-24 h) [8-17]. To increase the use of SnTe for thermoelectricity, it is
critical to develop a low-cost and low energy consumption, and also
eco-friendly, synthesis method and enhance the ZT value.

Microwave heating has been used to synthesise materials due to
rapid synthesis and low energy consumption. Generally, the starting
materials of ionic liquid are used for microwave absorption giving rapid
volumetric heating and a good controllable environment, which is
employed in the synthesis of TE materials [18]. Mehta et al. [19] re-
ported microwave-assisted synthesis of n-type and p-type pnictogen
doped with sulfur (Bi, Sb) chalcogenide nanoplates. Other TE materials
include szTeg [20], TiNiSbo_osSn0,5 [21], Bi28e3 [22], and Cu3(S-
bo.94Ing 06)Ses4 [23]. However, the use of microwave heating is limited
for metal powder. There are some problems associated with microwave
heating, e.g. non-uniformity in distribution of microwave energy, and
thermal instabilities (hot spots) may overheat the material. In the pre-
sent study, the hybrid microwave solid-state method was used to
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Fig. 1. Experimental procedures and schematic of hybrid microwave method for the synthesis of SnTe, Sng 9sBig ¢sTe, and SnTe + G powder.

prepare SnTe material. Hybrid microwave heating involves the volu-
metric heating of synthesised powders and susceptor radiation to heat
the powder [24]. Susceptor material has the ability to absorb electro-
magnetic radiation and convert this rapidly to thermal energy. This
efficient technique can give more uniform temperature gradients during
volumetric microwave heating. Based on our previous work, CusSe
powders were successfully synthesised by hybrid microwave method
[25].

Here, we have two objectives. First, we describe a new technique to
synthesise SnTe-based materials. Pristine Snj 4xBixTe (x = 0.0 and 0.05)
powder was synthesised by a hybrid microwave method, and the TE
properties of the samples compared with those of previous studies. A
domestic microwave oven was modified for the synthesis, with silicon
carbide plates used as susceptors. The hybrid microwave method can
induce a rapidly oscillating electric field through the sample and lead to
heating from the inside to the outside. The SiC susceptor absorbs mi-
crowave energy and generates thermal radiation in the opposite direc-
tion — from the outside to the inside of the samples [26,27]. We
successfully  synthesised improved Sn;BiyTe alloys using
microwave-assisted synthesis. The second objective is to further reduce
the lattice thermal conductivity of SnTe through graphene, again using
the hybrid microwave technique.

2. Experimental
2.1. Material and preparation

The starting materials were pure powders of Sn (200 mesh, 99.99%
Sigma-Aldrich), Te (250 mesh, 99.99% Sigma-Aldrich), Bi (200 mesh,
99.9% Sigma-Aldrich), and graphene nanopowder (Graphene Labora-
tories). The graphene nanopowder had an average flake thickness of 12
nm (typically 30-50 monolayers). The powders were mixed in an
appropriate atomic ratio (SnTe, Sng.gsBigosTe, and SnTe- 5wt% gra-
phene) and ground for 30 min. Next, the powders were firmly pressed
into pellets and synthesised using the proposed hybrid microwave solid-
state method at 800 W for 15 min (Fig. 1).

Microwave radiation (2.45 GHz) can rapidly heat many materials
because it can penetrate to the inner parts of a sample. Furthermore,
synthesis is fast because microwaves can uniformly heat the whole
volume of the sample [26,27]. For our procedure, a domestic microwave
oven was modified (Fig. 1). Inside the microwave oven, an alumina
support enclosed by four SiC plates used as susceptors was set up. This
assembly was then thermally insulated using an alumina-silicate box.
The hybrid microwave synthesis of SnTe, Sng 95Big 05Te, and SnTe-5wt.
% graphene occurred in Ar in a quartz tube furnace. The SnTe sample
with 5 wt% graphene content is hereafter termed SnTe + G. Pellets of the
mixed precursor powder were placed on the alumina support inside the

Fig. 2. Powder XRD patterns of SnTe, Sng gsBig osTe, and SnTe + G samples
synthesised by hybrid microwave method.

microwave and subjected to a maximum microwave field in the centre of
the cavity. The synthesis of all samples in this work was conducted at
800 W power for 15 min. Next, the as-grown pellets were ground for 30
min and then compressed using a hot press, at 923 K for 3 min in a
15-mm-diameter graphite die under an axial compressive stress of 50
MPa in a vacuum, reaching >96% of their theoretical density.

2.2. Characterisation

To characterise the samples, X-ray diffraction (XRD) spectra were
recorded using a Bruker D8 Advance diffractometer with Cu Ka (A =
1.5406 A). We collected images with a scanning electron microscope
(Zeiss EVO MA10) equipped with an energy-dispersive spectroscopy
attachment, from which chemical compositions were derived. The car-
rier concentration and carrier mobility were determined by measuring
the Hall effect (Ecopia, HMS3000) at ~25 °C. Electrical conductivity
and S were measured for 323-573 K using an ULVAC-RIKO ZEM-3 in a
He atmosphere. The combined uncertainty in the determination of ZT
values was estimated to be ~17% in the temperature range used [28]. A
laser flash method (LFA-TC7000) was used to measure the thermal
diffusivity, and the total thermal conductivity (K) was evaluated using K
= DCyp, where D is thermal diffusivity, Cp is specific heat capacity, and p
is sample density. Density was measured via Archimedes’ method.
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Fig. 3. Raman spectra of SnTe and SnTe + G samples.

Table 1
Carrier concentration and mobility of SnTe, Sng gsBig osTe, and SnTe + G at
25 °C.

Sample n (cm~%) py (em? Vs
SnTe 8.64 x 10" 470.5
Sng.05Big.05Te 3.26 x 10" 333.5
SnTe + G 8.70 x 10%° 453.9

3. Results and discussion

Fig. 2 shows the XRD patterns of the prepared SnTe, Sng 95Bip osTe,
and SnTe + G samples. All main reflections could be matched to the
rock-salt structure, space group Fm3 m, found on the ICSD card (PDF#
46-1210). The sample exhibited only a single phase of SnTe in the rock-
salt structure, with no second phase observed in the measurement range
to the detection limit of our instrument, confirming that our hybrid
microwave solid-state reaction method has potential for synthesising
SnTe-based TE materials. In addition, the shift in the reflections to a
lower angle, with Bi doped at a 5% atomic fraction, indicated that the Bi
was dissolved in the lattice of the matrix (inset of Fig. 2). The calculated
lattice parameters were 6.320 A for SnTe, 6.345 A for Sng.9sBig.0sTe, and
6.321 A for SnTe + G. The lattice parameter increased with doped Bi,
due to the larger radius of Bi* (0.96 A) than Sn®* (0.93 A) [9]. Inter-
estingly, graphene addition did not significantly change the lattice
parameter. This was likely due to the insolubility of graphene in SnTe,
causing it to appear in the SnTe in a split phase, e.g. in a composite
substance. This is similar to the effect of adding graphene to CuAlO5 [1].

Raman spectra were used to verify graphene on SnTe. Fig. 3 shows
the Raman spectra of SnTe (lower line) and SnTe + G (upper line) for
100-3500 cm™!. In the Raman spectrum of SnTe, one main peak was
apparent at 100-500 cm ! in rock-salt SnTe, and one peak at 132 cm ™!,
corresponding to the results of Zhou et al. [6]. Meanwhile, the Raman
spectrum of the SnTe + G sample showed the same main peaks related to
the peaks of rock-salt SnTe, along with another two main peaks at 2680
cm~! (2D band) and 2947 cm™! (G + D band). The 2D broadening in-
dicates that this graphene was mostly formed by a few (less than five)
stacked layers [29]. The positions of these peaks in the spectrum
confirmed the presence of the graphene composite.

To understand the behaviour of electronic transport, the Hall effect
was measured. Table 1 shows the electrical transport properties at 25 °C.
The carrier concentration and carrier mobility decreased in
Sng.o5Big g5Te, the latter of which can be attributed to the increase in
carrier scattering by point defects [6], represented by the following
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Fig. 4. Electrical conductivity of SnTe, SnggsBig.osTe, and SnTe-5wt% gra-
phene samples vs temperature.

Fig. 5. Seebeck coefficient of SnTe, Sng gsBig osTe, and SnTe + G samples vs
temperature.

[30]:
Bi (SnTe)— Bij, + e~ D

The decrease in carrier mobility with graphene addition came about
because of carrier—carrier scattering in the SnTe + G sample, with the
graphene content creating impurity scattering of the carrier, thus
decreasing the carrier mobility [1]. Compared with the SnTe sample, the
carrier concentration was not significantly affected by addition of
graphene.

The electrical conductivity (c) versus temperature is shown in Fig. 4.
The o of all samples exhibited degenerate semiconductor behaviour, i.e.
o decreased as temperature increased [4]. The ¢ of SnTe synthesised by
our rapid hybrid microwave solid-state method was comparable with
that in Kihoi et al. [9]. This further confirms that our microwave-assisted
reaction has potential for synthesising SnTe TE materials. At 325 K, ¢
declined from 67.6 x 10% Sm™" in SnTe + G to 64.9 x 10% Sm™ in SnTe
and 16.7 x 10* Sm™! in Sng g5Big.osTe. The 6 of St 95Big osTe decreased
significantly due to the simultaneous decrease in carrier concentration
(n) and mobility (u) with Bi doping (Table 1), while ¢ for SnTe 4+ G was
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Fig. 6. Power factor of the SnTe, SnggsBig.0sTe, and SnTe + G samples vs
temperature.

Fig. 7. Thermal conductivity of the SnTe, Sng 9s5Big.osTe, and SnTe + G samples
vs temperature.

very close to that of SnTe.

The temperature dependence of S (Fig. 5) had the opposite tendency
to o. The positive S indicated that all samples exhibited p-type con-
duction behaviour, and S increased with the doped Bi at 5 at.%, over the
whole measured temperature range. At 325 K, S increased with Bi
doping, from 34.8 pV K ! for undoped SnTe to 51.0 pV K ! for
Sng g5Big.gsTe. The improvement of S is attributed to the decreased hole
concentration, due to donor doping by Bi. The SnTe with a Bi content of
5 at.% showed a maximum S = 80.1 pV K~ ! at 573 K, while the SnTe and
SnTe + G had S ~50 pV K! at 573 K. The SnTe and SnTe + G samples
had low S values in the range of 35-55 pV K~! due to high carrier
concentrations.

The temperature dependence of the power factor is presented in
Fig. 6. Due to electrical conductivity enhancements, the power factors of
the SnTe and SnTe + G samples were higher than that of the
Sng.95Big.gsTe. The highest power factor was 1.0 x 10°WmK 2 at573K
for the SnTe and SnTe + G samples. Our pure SnTe sample had a similar
maximum power factor versus temperature to previously reported p-
type SnTe [3].

Fig. 7 shows the total thermal conductivity versus temperature for
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Fig. 8. Lattice thermal conductivity of the SnTe, Sng 9sBip.0sTe, and SnTe + G
samples vs temperature.

the SnTe, Sng.gsBigosTe, and SnTe + G samples. To measure thermal
conductivity, we used Archimedes’ method to find the density of sam-
ples, and obtained a value of >96% of the theoretical density. The total
thermal conductivities for SnTe and Sng 9sBig 0sTe were comparable to
those from Zhou et al. [6] and Zhang et al. [7]. As expected, the total
thermal conductivities of the Sng 9sBig osTe and SnTe + G samples were
lower than those of pure SnTe. Our results showed that the total thermal
conductivity at 325 K reduced from ~10 W m ™! K~! for SnTe to ~2 W
m~ ! K~ ! for SnTe + G. This indicates that graphene addition effectively
reduced the thermal conductivity. The lattice thermal conductivity was
obtained from the relation k;;; = ka1 — ke, Where the electronic thermal
conductivity (k.) was calculated using the Wiedemann—Franz relation-
ship, k. =LoT, where L = 2.45 x 1078 W Q K2 is the Lorenz number for
degenerate semiconductors [31].

The contribution of the lattice to thermal conductivity (kiy) is shown
in Fig. 8. The k4 for pure SnTe decreased from ~7.9 W mK !at 325K to
~5.2 WmK ! at 525 K. The SnTe + G samples showed significantly low
lattice thermal conductivity of kjoe = ~0.18 W mK ! at 525 K. The origin
of the ultralow kj,; and the effects of graphene can be understood from
the Debye model for kj,:

ks (ksT\’ /"" yle
Kk = ——— 2= — 4 2
lat 27721/( f ) A TC(eyi 1)2 y 2

where y = An/KT, # is the Planck constant, o is phonon frequency, v is
the velocity of sound (1800 m s~! for SnTe) [32], Op is the Debye tem-
perature (140 K for SnTe) [33], and 1 is the relaxation time or phonon
scattering rate, which is given by:

0,
1;1 :%-&-Aw4 + Bw*T exp(—3—;) + Cw 3

where v/l represents phonon-boundary scattering, Ao represents point
defect scattering (substitution defects, vacancies, and interstitial de-

fects), Bw?*Texp (;—‘?) represents phonon-phonon scattering, and Co

represents carrier—phonon scattering. Our previous work [1,34] showed
that incorporation of graphene into the material did not influence
Umklapp scattering. Instead, the increase in Umklapp scattering was due
to mass fluctuations (differences in the Sn and Bi atomic mass) and strain
fluctuations (differences in the Sn and Bi atomic sizes) [34]. The point
defect scattering term (the second term) in Eq. (3) showed that the point
defect was generated by Bi doping. This explains why the lattice thermal
conductivity of Sng gsBig osTe was lower than that of SnTe. With gra-
phene addition, we observed little change in carrier concentration
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Fig. 9. ZT of SnTe, Sng 95Bip 0sTe, and SnTe + G samples vs temperature.

compared with SnTe, which means that carrier-phonon scattering was
not influenced by graphene incorporation into the SnTe matrix. It is
evident that the major influence of graphene on lattice thermal con-
ductivity was phonon-boundary scattering.

The temperature dependence of the dimensionless ZT is presented in
Fig. 9. The ZT for all samples increased with temperature in the range of
323-523 K. The obtained ZT values for SnTe were comparable with
those of Zhou et al. [6] and. Zhang et al. [7] Clearly, the TE efficiency
was enhanced by the 5 at.% Bi doping and 5 wt% of graphene addition.
Our maximum ZT was ~0.35 at 523 K for SnTe with a graphene content
of 5 wt%, which is larger than those for SnTe with nanograin sizes (ZT ~
0.12, 523 K [7]) and SnovgsBi0_04Teo‘83C10v12 (ZT -~ 0.2, 523K [30] ) Our
work showed that graphene addition enhanced ZT for the SnTe matrix,
paving the way to achieving high-performance thermoelectricity in
carbon-induced composite materials.

4. Conclusion

The SnTe, Sng g5Big.gsTe, and SnTe + G samples were prepared using
a hybrid microwave method and subsequently compressed with a hot
press. The XRD showed a single phase SnTe structure, while graphene in
the sample was confirmed by Raman spectroscopy. The power factor
reached 1.0 x 10° W mK 2 at 573 K for the SnTe and SnTe + G samples.
In addition, graphene significantly affected the thermal conductivity,
and phonon-boundary scattering helped to reduce thermal conductiv-
ity. An ultralow thermal conductivity of 0.18 W m™! K1 at 523 K was
achieved for SnTe with graphene, which was lower than that for SnTe.
Graphene in SnTe produced the highest ZT = 0.35 at 523 K, approxi-
mately five times that for the SnTe sample. This study of graphene
addition to SnTe will serve as a guideline for other nanocarbon and TE
materials to inspire fundamental dynamics research and better serve the
energy industry.
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