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PbTe, SnTe, PbSnTeAd ¥r=dle A FHARZAN o5 stz 1] 38tk (nonstoichiometry) &
A EAol 2238 A= "Hh B AFode (Ph, Sw), ,Te ol x=0.1,0.2, 0.3, 04, 052 2&4 AHE
Azdte] o5y 2L FAS gtz ArVdex 9@ G 4@ 474]~ FAE Y. =4
48 9de Phe g EDTAS Pb(D) £ 84S 01%6} 233 s JHFEE, Ted ¥ KMnO, 9+
Fe(IDE T8 A& o] &3 1313k A H S AR k. T3 300K — 750K 2] 9—5‘%‘# A AF 4Gl
o8 M7|A=EE, Heat Pulseol 23] €7118 & 2Hsdnt. BE AHLE 3548 (Pb+Sn) o
Teo] o] B2 ‘ﬂﬁ}‘i}“«l 248 BolH p' o meAS 7RI FA9 Fako] FAEFE v YR
F7etach. @r1dge 40z AHe F AstEsde FFTYE AT 5 AN HEEgS) B
271189 ¥3}E saturation FF Wl A &= o WE Fermi Level?] W3t Z3 #d 2o Aystgh, x=0.19)
Al AL F 670K oA P- JozRE N-Fo g AL EHo] A= o= o] 2o A saturationd & ol A
intrinsic@ HO. 2 HolH Hae o]gmrl ¥ ol xR} Athe AMHERE HAHEd.

Abstract : The semiconducting (Pb; .SnJ; ,Te,, one of the low - temperature thermoelectric materials, has
been prepared and its chemical composition and nonstoichiometry has been analyzed. The content of Pb in
the specimens was determined by the complexometric back - titration method with EDTA and Pb(ll) standard
solutions. Te - content was analyzed with the redox titration method. The electrical conductivity and the thermoe-
lectric power have also been measured by the DC 4 - probe and the heat - pulse technique, respectively. All
of the specimens showed a nonstoichiometric behavior in their chemical compositions (Te excess), thus gave
rise to a p - type semiconducting property, and the nonstoichoimetry became bigger as the Sn - content increased.
The thermoelectric power vs. temperature results have been analyzed upon the basis of the Fermi level vs.
temperature profiles in the saturation regime. The specimen of x=0.1 evolved a transition from p - to n - type
property at about 670 K, which has been explained by the fact that the mobility of electrons is bigger than

that of holes in the temperature range of the intrinsic regime.
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PnTe, SnTe % ©| S 2] 18 (solid solutions) %! Pb-
SnTex €9 ARTZE 2E VA 2A HolAY
AN A aARZA B AT dae] Hol gall
—4], B A IR AEEAN FEE Botguls].

gutd FX e oY RAE A7dUAR HEAT
L owrd AR EA PHe] 282 A5y 7139
(thermoelectric power, Seebeck coefficient) g ¢+ 271
AEE g 220 GAEE £ YO2 B HE “figure
of merit” %t Z9] =)ol o A Eh

:6’2Xo
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olw 9jo] Al selviel= AEe etz vt
&9k (nonstoichiometry), &% 2% ¥ ¢&8€7 22
G987 Wy Az nAHTR TS Fe F
FEg, o8 59 ¢ A9 4%, A¥dtE, 7
T 5 98 2 os ZFHA,
B APy Mg sstxdd vghdhdo] A
7NAEES A71A o TS Fvt el
3lch, PbTe, SnTe ¥ PbSnTer =5 H|8}&tete]
248 7kX9 v steteke o) wat Hst 2
(charge carrier)®] %77} A1 & H|3}8t42
a7)e) g} As d2Ae Fevt 2= A, &
PbTes] 7% Pb7} ##RA 2= Te® vacancy’} F
AAAgo] Hol n¥] WHEAE 2T Teol HFQ
73 $- Pbe] vacancy”} A=A o] Ho] pF o] wkx A7}
"), o9} go| Hlaletge] 227]9 Fefol whit vt
A4 Ast ey vx9 FF77F 2RHEE A7)
AEE9 F71AEE vex o BAHL ol3sr] )
dAxe gee 249 BAel 2 7B T2 o
Hed ASES d9gtdoz A ddds %
249 9 HollA vgstge v e gs
=th Pby,Tey o A%y @e 250 wa} 5zt
W37t oot o 2F 0499940500139 #-& 231[6,7]
Sni-,Te,9) 74 ¢ yak& 0501—05119) @& 28]
Pb1-Sny)1 ,Te, A% yake PbTes} SnTeol 3
DRE e ZErH9l. ol o] dYEFgF oz ¢t
& 7t bE A 9] u] gl stoko) njg HomE
o] A& =AM A w wj§ oY, AT

o 5y e g

438, A14 A13, 199

7R G o5 EAY
gheteko]l Ay oA W g
Ao go| 854 R gl A7
Z4ste] A3 TEE AASA o|Z2FH &
AYFS AAsE Wyol T4 AT 9). B7HA 3
SRl AxHAE[1011] hFE A718H%3
S o] &3t} ©] & % Cornwell $9) ¥4 0]
743 2 AREE Hole Aoz #eHed1] o &
2 PbSnTe Al 8.5 F2 G433 Aibel Eqatell &3
% Pb9} Sne EDTAS Pb(D) EFEHE o] &F
2313HE 4R PHL, Ted 32 KMnO,2} Fe(l)
EFEAE o83 st AHAYS o] 83}
A8

B @At A= Comwell 52 & 71413} PbS-
nTed 24& 4314 31t PnSnTed %%+
PbTeol &) wwa wg}stgel Jmrt 203 3
FEM02E 5 Aoz 7uE 7] WEeit
Ao Az oo iyt AAY 2} Alfwir) b
313tgel 2715 vaE F Y& 2R FHo] 7}
53tk Cornwell 59 WH o 23HE /M H P2
Pb(Dol29] HAAl TLAHE Xylenol OrangeE ©
g8t Mo| Hgle e AR AR A AL 2F
Al Fe A AFEFo 24 TeO? ol29 4
384 AA A Clrol29 BHEHAE AASAT=
Zlo|t},

PbSnTed] Z4EX# &7 300K—750KS &%
HelA Alde] A7AxEg d7jA=HE 2A8Q
I gz vEeekd e Av|AEr 2 g7
Ay JABAE FRF o2 EHe),

fio

2

£

¢

2. Auuy

2. 1. AIEEH|

Pbi-Sni-,Te, & L&AE  AxE7] 98 x
gkel 0.1, 02, 0.3, 04, 057} H 1L y Fto] 057} =2
Pb, Sn, Te®] ¥ A& 001 mg7tA A &él] TFA S
ek itt, o] W Pbe BDH Chemicals®] 99.999%
B S, 'Sn Junsei Chemicals®] 99.999% Shot<,
Te2 Aldrich Chemicals®] 99.999% 60mesh H%-&
A8tk AmpouleZE A A¥ (Zo] & 18cm, W
4 15m) & 7HEEe AgEtgEd o8 949t
THTF MHstn Az, 429 Mg &



85tz Ao whE PhSnTeAl

A gs Fgstn NsEe Y4E A A3l
1072 71 ol3te] FFE FAFAA opA A BF
o2 Bagoh v 49HS B2 Yo 950Cs
SABAAM oF 241705 1080kt 503] o] F A
A oz 8849 EREEE TN
O 4GB 2oA Ado] FHo2 AR tE B
FE REH Bo AWM FYART. XRDE °l&
st Alde]l nE&AE FAAAEA FUsRn Al
Hujel Sn, Pb, TeS F&ol FAsteA AFE &
A3t

2. 2. e =HEH

(Pbi-Snh-,Te, &1 2AEHE Fg 1% 2L
AZExo) wtal £t g . AJHE 6N A4t Q43

e o] W F4& Sn0,d FeE Aoz &

PbTe %< PbSnTe

o] G835
Sn0: BA
— Pb?*, TeOs®™ [

29 KMnO. %% EDTA
5Te0# + Hexamethy-
2MnOs~ +16H" lenetetramine
—— 5Te0” (Hexamine)

+2Mn2" +H0
H.TeOs— Pb—EDTA
HRE-g KMnOs
Fe?* v]¥HS- EDTA
5Fe?" +MnQs~
+8H" > 5Fe*” Pb(NO):
+Mn®* +4H,0
Ted ¥ phel &
~ Snd ¥
4sh 39 A3 235 E AR

A9 wslo] g 2y AN 4% FLA

Fig. 1.Flow Sheet for the Chemical Analysis of
PbSnTe.
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A=), o] HAo] pPhet Teol HAL Wl
Yo e *E‘?H AE F0]7) g ol & EEstA

opn AAsACh Fig 19 S40A HEo| Ph*
AEE AABE QYA Af, TeOS oleE &
3} o5 gol o8 BASAL Sl FFE A Ae)

Z o)A Pbot Ted] TS Wl o= 7&“5 st

A1H 9] T A microbalance 2 0.01mg7t A 4 Eké]’faj
AL Y& FFol 002mi¢l wolAR FH& AR
3t

2. 2. 1. Pb?* 0|22 M

Pb*tol 9] HAHS & WA #Fe] 0.1M EDTA
FEEAE Z*ﬂs}@] Pb—EDTA #3t&&3 F44
7 % v} ¥+-&3F EDTAS 4& FF3€ 01M Pb(D
Goz dmgstel AW Pb) FIFS A4ed
CEEEE Bt T BREESRBE
of Al  ATddAe #2458 AAA
g AR I A A opE o] &5k Mo W)
WE Amshdoh. AAoFe] AMEA] ddo] o 3H
1_‘}1 z_}x%,,] Z%;]»Ev: iol—ona o] H]»HLQ. ZHF’“
e, Ar G ZE 02%9) Xylenol Orange T8
A& AFE-3 AT LA Hexamine o 2 £ 9] pHE 59
—60°] H=% ZHsAdh. EDTA £°4& Shinyo
Pure Chemicals®] 99999% Pb =& %W HES
AAZ F Aite] 520 §Qo g Efﬂo}‘}i\:} Pb
(NOy)» £ 92 Junsei Chemicals®] 55 A12FS pH=15
1 204 2&sl€ EDTAR ﬁwi}omi\:}. A
oA AN TR FEAe Mol
oz ZAS Mo Wals HYEd 8 <
gdo] yv-VIS ~2HEJE Fig 29 Ut
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Fig. 2.UV-VIS Spectrum of the solution after a) 99%
and B) 101% Titration of EDTA by Pb(I) stan-
dard solution.
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2. 2. 2. TeOs* 0|22 &4

ol 93 e EFF3I¥ 01N KMnO, 848
7bate] 1 1o A E wvie} Zo| A ¥HEE
&P A 7131 v] vh-E-3 KMnO,2) %4& 25318 Fe(lD
£doz AAYnIN A|HY Ted FZFS 23
sk oju FwHe MRPL wWFHTo AYH
H3tE F3 5o AAsed Boh FEg A A S
TF3t71 Y8l Az ety vEEE 73 peakd]
AXNE o} FLPog vt FrAITL T
7t2d AFE AR AA5AH L Yanaco V-8
Potentiostat S AH8-3tATH Al 2.2 A 0.IN KMnO,+=
Shinyo Pure Chemicals®] 5dA12Fg, 0.025M Fe(lD)
e Aok8 (NH,)Fe(SO), & 1M 3ate] %91 £
0.IN KMnO,2 2ttt x93y st F &1kt

Cornwell 52 A& HF& G437 At E§4tel
gajstout B Ao & 4 ke A3
Act. ol KMnO7F ¥im#] 733 2bspA| 2 Tet* 9}
Fe* o] & ® ol Cl” o] & & 4l S lomz
Cl” o]29 &x A A9 o258 FUAZE 4= A7)
g &ojtk. BE Cl™ o]l g e ans A3}
9130 preventive -§--& H7H8 FEdll12] o] &L
MnO,~ —Mn?* 29 3 AYE PFo] A5
TaAZIBR ClI 9 A3tE 9ASE A7) gley
Te'* 9} Fe*'e] Abshuben -glA|sle EAFo] 3
ot F2 Ae AR E o¥g O ol W
HaRs AAY & AP

2. 3 MRS &£
A F 4 3 H(DOC 4~ probe methods)S ©]-&3t ).
[1314] AlHEL 3x3x10mm 2] I71E low speed
saw (Buehler)E Ar&-3te] A3t & Aupslol ALg
T AW 4% Eo) 2E=2An AFE Z
F71 9% K¥ dAtE 98 A3 JdZeA o
E 92 WRASE ANEY 4 &
oA 2mm Holx Fol Zrolx AT, LA
AE B 438 JAE7] 8 100C o]
SEMe JAFHZZ 1073 Torr I3} HEE &
AstHA FAsAch AYAE 2E24L Alumel A
= A3 Alumel ZHH 9] F71AE e AFHIL 0
mA o W] Hgte g nAysgcl. AYEH L Digital
Multimeter (Iwatsu Model 7404) & A3l A HE=
DC Current Source (YEW Type 2533)& o]&3}o]

48, A148 A13, 199

EHFA o] W AH W] xRl &g E7]
Ao 93-S AAs] A8 AF $FE v
7 1mA FEoz § =9 10719 deletE
3 F HasHoh. AdLddA 750K7HA 20T 2HF
o7 25 E AeA7IEA Axxe WalE #A)
Ak

2. 4. @7|1H™e| &Y

Heat—pulse Techniques®.2 273} H[13,14].
Heat pulsex 3% HEAE A3 1 Adozy
] noise A& JA3t7] Y3l oV A7 FHE Ao
2 AMEsY W B SE e AAE AAsk A1H
Feol &= AE WAL o2 T Ir7IAY L
FE3 28 AH recorderdl 71Edth. AN
750K 742 20T MA o2 25 E AeAIIEA E7)
Ao Wales FAsIAHC.
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Fig. 3. X-ray Diffraction pattern for the Pby;SnpsTe.
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A Z2HE 240 4 AAFF S Adstd 24,

Snel o] 27184 ARAS @ol Pastel x=



05 Al E2

TS

Zo] AU AAgse) AE o
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sistzAdo] W PbSnTed HHEA A HA4=A 87

x=01 ¢! Ao vla) 2k 05% B @&
Bgu}, ol A2 PhTed] AAF57} 6461 Aol
SnTed) 2<% 6327 Ac)B| PhSnTe A% Sno] #Fol
ARAGE AHAFoz ZAagteE B
o} 4AFATH1] £ ol Hl&) FuiFez 7o

AT A

¥zt ok

Sne] ol
A& Snél

o E@ Hol 43

SAAT Snel FFo) FAUSE FHYE Aol
AdzvE 499 4+ U

F7Hgde

i B OAx
L Jh Ay 2
w M

far ox g rr

_)'J_rl

Al 93 vacancy=
W 43S

=
gﬂ.“ﬁ
J

N AFE Table 101 g3ttt
1S 59 BAE & Hags Astn
3 7“}% 2 gholth, HoAM HEo] &
(Pb+Sn) Btbe Ted] Fgol B
Snel %] FHEFE AAE
k. ol E

nE )\]II-‘]Q.

23 o]l ¥t

S Hola

v)sheteFel %2 Pbi-,Tey M y
(049994—050013)# Sn;-;Tey & y&k (0.501—-0511)

o F7Hgke HS B 4

acceptor
ZA sh=d,

Stk olg e F&4E
Age smz pRe

Sne] ol E75F 559

Aol F715tng FF(holes)d TE7F 734

ANA=EE7}
A7NAEEY 2P0z R

ATt

Z7bg Aoz d4E & o
o e HAY &

A4

Table 1. Analytical Results for the(Pbi-.Snd1-yTey
(x=0.1, 0.2, 0.3, 0.4, 0.5)

at %
Pb Sn Te
X

01 44.991+0.003 | 5.009+0.003 [50.000+0.003
02 40.012+0.004 | 9.980+0.004 (50.008+0.002
03 34.990+0.002 [15.000+0.002|50.0104-0.002
04 29.992+0.003 [19.993+0.003(50.0154-0.002
05 25.014+0.003 |24.968+0.002|50.018 +0.002

3. 3. 7Nz Hya
Ao A 750K =AM snel o

Fig. 4+
Fo] thE
t}, aPozRE $MFHoR

EEL

NHEe) AVAEE H3E BAF 9

e A e

T oA Sp) o] B ATUFF HIAEEY
Zko] Atk ApAolth, o]& Sno| FFol FHEFF
Zagye APl AV ¥ A
oo 71&sARAT Qr1Hge F3EH BE A
o) 2 Aah} 270 (major charge carrier) 7} 88 °l
A e Agd 4 At F Snd Yol FHAFE
A 249 vacancy’} F7H8HL B4 vacancy< ac-
ceptor §&E St E extrinsic Aal el 2E
FE7E 7k A7IAERE E /}6}711 g,
Fig 4 ol = oh& 4yrEl < 2o F

e

3 5
A

f!
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......
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Fig. 4 Electrical conductivity of the Pb; - SnTe as
a function of temperaure:O ; x=01, © ; x=
0.2, ®; x=03, A;x=04, and A ; x=05.

e, 28 AHAA Ao RE Lx7t S
o Wt AEE7t At EPLE R2oA F
2XE Bolx T F7ldthe AHdF}, Sndl ¥l

ge NUYSE ARRY ALAE Hole £E7
Z7kgte Aol azeld. %9 dde oed
2o 4WE 4 Utk & A¥AH F3E WERE

%l“]'z* ol extrinsic =] saturation (exhaustion)
o 3} intrinsic 4 & ol Sl 2}, Saturation ¥ F A
ASEE F2ZAT] ¥ o8 AFHE Mdshi=
Me) Fxol vasA HSed 2% F=71 satura-
tion 999 oy YA e =
=5 g stk 28y saturation Gl &
BEo g ANAREs gasked ole ExEAT
2 phonondll |3 Aoz Azt olF%
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(mobility) 7} #4371 s Eo]ti15]. Fig. 404 42
NMEEH HAExe] HAXE Holx LE7A7} satu-
ration GHeol AFeh 2%7} © ZolAA HA
Foll =l 9 intrinsic Y29} FE7F F7}18HA
Ho] extrinsic 2749 & 23} s4A A intrinsic
Y277 F Y2zt Hed o] SERE L ojide]
intrinsic 2= g o] B}, oldf £xF 7ol et intri-
nsic Y209 ¥E7} FUlEZ AREE T4 &
7batAlE Tt Fig 4014 AEES HAXE Boly
=% oo dHe] intrinsic FHo] Hoh. Snd
o] 245 saturation F L ZHE intrnsic YHO
2o AMgews} h“’}Xlt /4L Sno Yol Be4E
548 Aol AANER, = extrinsic A3} Y=
Hel FE7t AXNER ojRt} B %9 intrinsic U
27 AAEY] giMe B 22 252 719H
ojo} 7] wjEFolch,

3.4 &7|1HY £HAD

o=
Fig. 5+

x=01-05 <1 AlHe] 300K—750K &%=

3oq

200}

o (uvV/K)
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Fig. 5. Thermoelectric power of the Pb; - ,SnsTe As
a function of temperature:O ; x=0.1, © 5 x=
0.2, ®:x=03, A3;x=04, and A ; x=05.

Aol D7]1AE (Seebeck coefficient)S] W3}

o] & HodF 1 k. Fig 5014 BH x=0.1%1 A A
A Qe BE AHo] A 2xgolA] 5o d7A
&e e d71ddEe) geege F A
A7t BZoldk o] HEtl[16], ol AT =4

) ru[o e

T8, A1d A1z, 199

TR

4 due}l gt F ZE A A X 5% vaca-
ney’t F Aol HEZ HFo] F =7t
a8y k=019 AHEL 670K A A Er1xEe]
ol FolA g2 FgE S & 4 Utk
Asaszt FFANA AAZ dgve AL AAL
e, olg AVIAxxe A% Fig 4 2R A
B3 At F x=01<0 AVLE 550—650Ke] &
= 9o A saturation G oA intrinsic 92 A
gdc}, intrinsic JGoMe HeaENt 2L F
o} Aze}t FFo] Hed AR olF =7t FFY
olEErT AnZ At g N=rt ARk
whebA] x=01%0 A ¥ L intrisic G o] AlFHE 2%
BIRE grIdE e ge 42 ek ddh x=0.
2—05%1 AHAAME o9} £ F71AY H39 k‘}
AAGE A48 & dn =3 x @ol FESFE
WMARE 227 E718 Aoz AT F dov £
Ao exwy HelXe A gUdth. 750K
ol4tel emoAE Al AR e &8 HE
44e #38 + AUk

Fig. 594 2 # e & d4L Sno ¥l
A4S & AT 27 3 AANYSFE VA
Ho] gro]l A 3 2xwidld wE Wity Zo
ackz Zolth ol& Fig 6904 HaFe A% 22
extrinsic Y=A oA 2EF 71 EP—‘—‘;' Fermi level®]

o F

W3l FolE2HE HddYd 5 i saturation %
Ao Fermi levelS RU} 28 %EJ extrinsic %
o o] Fermi level® Bt} & 259 intrinsic 99 <]

Fermi level®} S2t3t& 7HA9 &Aoo 2 st
[15]. o] & M3} Y29 =7} H L4542 saturation
Fqe] 2=}t Fol ez 254 & Fermi le-
vel®] 71&717F ARAG18], G788 AlH gore]
Fermi level ztolol] oJ8] ZA =22 saturation ¥ Y
oA Fermi level®} &% profiles?] 71&717} E4E
7)1 a9 gho] A E3 widte] T A A H}.
Fig. 594 x gl A&+E (FFY =7t A&+
£) @71xge glo] 23 Wsle] FEI} F& B
FI Ak XY G717 AT F e 22X
71489 52 Fermi leveld 252] plot(Fig. 6)
Ax 71&717F Fvkeked ZdEln we 2%
AN e 71€717F BAl Zaded 719§,

E3] 3174&o] A5&8T £ o]f+ intrinsic G Ho)
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Fig. 6. Variation of a) Fermi level, and b) log of car-
rier oncentration with inverse temperature in
p-type semiconductor.
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PbSnTeZl ¥t=A el Sn &S HEAA 719 1
SAE Azsged £427 Sne go] FNEFE
49 AE Yol FUHtATh. oA 59 vaca-
ncys acceptor® 43 p—Feo W= HAE
24 e & F ATk wEA Sne Fol B2
ANHYFE FF oF A7IA=E7} Zch x=01
ol AJAH-& % 670K oA saturation ¥ H > Z+F intri-
nsic 9¥o29 H@o] FAETE Sne Fakol
He AHASFE gr|dge] A3 w3 ¥l Ex

Z=d °l& saturation 959 &% HH A Fermi
leveld] W3t A7l Ate AMYEZREH d9dE £
ARt}

ZAlel o

E A7eEd 19899 HeAd 237z A7
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