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PbTe, SnTe, PbSnTeAl WA AL AWAERZA o5y F&z4x v 8% (nonstoichiometry) &
3 S Fa4% At ok & dFNA = (Phy oSne), (Te 9 x=0.1, 0.2, 0.3, 0.4, 0.5%0 L&) AJHE
Azt o)g9 AL A3l sgt2AY AVAE: 2 d7[AgAge) 4 #AE AT, 24
48 3o} Pbe] §H-S EDTAS Ph(Il) EZE NS o] &% A3 E Y E, Ted % KMnO,9}
Fe(IDETE 4 & o] & +hal 89l RGPS ALt ol S 300K~750KS 2= H oA 27 44 d Yol
o)) A7|HEEE, Heat Pulsed ol 9l E7108 & S43tAch. BE& AJHE 548 (Pb+Sn) Euhe
Tee] o] B2 vslgee] 24 & Kol p- Yo B APE 7HHT FA9 Fgo] Zr7EFE v 3eAdR
Zoteteh. d71dge HFPog AR F Aslvade FTYE A £ AR v g e
471 A4 9] W3S saturation GG Woll A = o & Fermi Level2} ¥ 3} &3 #&# xo] 43y, x=0.191
AMAL 670K oM P- JozFEln-Fo g AT 5G] AW o]& o] &x oA saturationF & ol A
intrinsicd G2 2 HojHy Hxle] o]FErt F¥ o]FERT Arte AMYEFE HAWE,

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(I) 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 & | 52] L&A (solid solutions) ) Pb-
SnTex 49 AATFZE 2 Mt=A 2 A ol Ay
Ao A AALAZA B A7 ddo] o fall
—4], TF AL A AR 2 FEL wolRo5].

g Fxe GoURE A7l JEAT
v A A2 dhe 548 Aayg EVHY
(thermoelectric power, Seebeck coefficient) g 9} %71
AT o, 28] GHAEE #ZLO 2 Ho 5 “figure
of merit” gk Z9] A7 9sf AR Et

#Xo
f 4

7=

oluf 2] A gelulels Mo shzA R v
&<k (nonstoichiometry), 2% €& ¥ 43 e
d9etd Waol Q59 mAFR QS FE F
AEE, dF BW 8 B2 A%, A¥Yd, 7
FE 5 o8 899 o] A=

2 Apo e A stzrda vgdge] A
1AEEe 71 oW g Fev) gzt
3tk PbTe, SnTe ¥ PbSnTew EF Y3134
Z4& 7hA9 vshatore} Hefof wet Hsh Y274
(charge carrier) ] EF7F 24 =3 E£§ w384
A7)0 wel A3 Uz et 2P WY &
PbTe2] 7% Pb7l B3] H -+ Te? vacancy’t 5
AAAG o] o] n¥e] MEHLS 2T Teol Sl
4% Pbe) vacancy?t AAA o] Hoj p¥H o] W= A7}
€}, o]9} o] vslEeke] 7|9} Hefol ube} b
=4 Asl Y29 wx9 FR7 AFHER A7)
AnEe A7HEE veAe] EAL osdlr) ¢
M g 249 BAo] a7dY, 28y ol s
WA RS Ao MY FURE de
ZA4e el JelA vgetgde wle He gg 3
ek PbhTe, ¥ 2SS y b2 250 upg) A4zt
w37} glov thek 049994 - 0500139 gk-& 3t31(6,7)
Sny-,Te, o) 7% yat-e 050105119 3H& 28]

Pb-.Sn)1 ,Te, 8l 29 yat-& PbTe9t SnTedl &
A=Y g o9l o9} o] EHEH Ao ¢
e 24 S 72tE s A9 w3 e efo] vl Hong
olZ9] AEF Ao BN G vfy oy, AT
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7HA) 47 olge FAWUYS 4HEY ojE9 v
shetefol Ao A ol 57) &l 3}5HE
MYe go] LA ZaYa dal AV|AEEE
233t 4 FEE AW oZRE F49
AP %S A ste Wil B2 =HUH9l. €714 3
gAY A== Yeu10,11] HEE H71583
W 8- o] 4314t} o) & 5 Comwell 59 ¥24Wgo]
714 & A= Hole Aoz wased11] o g
& PbSnTe N EE & Gat7 F4do] EFAL &3¢
% Pbelt Sn& EDTAS} Pb() EFENL o8¢
A313E AR YY L, Ted ¥ KMnO;&F FellD
EFRNE o83 A3yl IAHFYS o] &3l
s

¥ A7 A= Cornwell 52 HH& /W43t PbS-
nTed] 4% #4384 319tk PnSnTed 4%+
PbTeol wla] v d us}siefel Jwv7t Amz 3}
gEMoax ted Aoz 7|d A7) o Eolrt.
A A B Ayl AAN 7 Aldvich B
glEefe] A8 ¥ag 5 UL HER F4o] 7}
F3ATh Comwell 59 HHO 2R NHH 22
Pb(Dol-22) HAHAl Z224& Xylenol OrangeE ©)
3to] Mo Wtz RE AH AR AJHE Tt
Al F& AN AMEFgo 2N TeQ o292 4
st AA Al Cl ol Wwalans AASUSE
Aolt},

PbSnTeo] =A4EM# &7 300K—750Ke] &=
Heol A AlHe A7jdExe 4714388 23384
2 g8z AT vstefe) e AVAEE 2 g7
A 4ABAE YAHoZ BN,

2, AlE

2. 1. A|BZH|

(Pb1-Sni-,Te, & LEAE  ARE7] fal x
gko] 0.1, 02, 0.3, 04, 057} H 1L y &°l 057} =&
Pb, Sn, Te®l A& 001 mg7t A 3 Halo] EFAEE
+8]3tAqt. o u) Pbe= BDH Chemicals® 99.999%
Nl E &, Sne Junsei Chemicals®] 99.999% ShotZ,
Te2 Aldrich Chemicals®] 99.999% 60mesh %%
AHR-3LE T AmpouleZE MEH (Zo] i 18cm, W
4 15em)& 7hEdld Algslged ols 949
SRl MAstL Azt dzE Hgded &
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FANaE FAstn AshE] A4E A7) -?43}]
10°° 719 ol3te] WEFE FASIHA oA &
o2 F3A thF 4FEE B2l Wol 950TE
FASEA of 2415 1080t 503 o] A
AA FozH &850 EFEEE AT
+ F#E 2ol Aol #3208 HE e ¥
¥ FE B AWM g¥AZT. XRDE ol &
atod Algo] n&AE A=A BUSHT A
Hjol Sn, Pb, TeT F&0] FAd=A 7% &
dstH.

oo

2. 2. A|Te| =MEAM

Pbi—Sn -, Te, . E2HENE Fig 13 22
AS e mat F@stgth, AJHE 6N Aakel] d&3)
gdFged o W FAHL Sn0,9 e HAHom B

PbTe ¥+ PbSnTe

2o A&
Sn0; A
— Pb?’, TeQs*

#32] KMnO: H%2] EDTA
5Te0s* + Hexamethy-
2MnO, +16H" lenetetramine
—— 5Te0” {Hexamine)

+9Mn?*" +H:0

H.TeO:—{ Pb—EDTA

PIRM-8: KMnOs

Fe?** u¥H3- EDTA
5Fe?" +MnQs~
+8H"* 5 5Fe** Pb{NO2):
+Mn?" +4H0
Ted) % pbel %
— Sne &
A3 29 AR ARE FHA

A9 Aol 9P FTH ANl g THA

Fig. 1.Flow Sheet for the Chemical Analysis of
PbSnTe.

gl o) FHo] Pb} Ted AHABE Wafst=]
Fonz Hgo g Fol7] A8l o] & FesA
g HAsdch. Fig 19 =44 KHEo] Pp*
ol HIFPE AHA 9, TeOy ol&2 4t
slEk gl A A Ao ofs] B AT Sne T2 AW
9ol A Pbot Ted EHS W dhogd AR
A8 2] A+ microbalance 5 001mg7tA] & st
ARE A8 Fgol 002mIgl "telAE FalE AHS
&t

2. 2. 1. Pb*" 0|22] 24

Pv*'ol &9 HAHE ¢s) WA =gk 01M EDTA
HEZFN S #718le] Pb—EDTA H3PEL FAA
A % 0] ¥h8-3 EDTAY 48 E+3+% 01M Pb(D
FHoz dHAYstd AJ@U Pbel e AAalg
o}, o) w Yo A= 2Tyl AHubY o3
AR5 Aed B dFoME FLHFL AAA

G0 § AAR S Ak ol §e Ao sl
YR Awssich Aok ALgA ddol o 2t
wstn Ao FUEE FROD of WHE Hu

ot AAGoZE 02%9 Xylenol Orange +%
Y& AME-3FH AL L4 Hexamine ©.5 €99 pHE 59
—60°] Hx% zEsrh, EDTA €12 Shinyo
Pure Chemicals®]. 99.999% Pb =l & xw¥ HE &
AR F Ao =2l fdog wE3IE. Pb
(NOy); &2 Junsei Chemicals®] & *19F-& pH=15
¢! 7oA E#3l9 EDTAZ &85} 339
zaAoq AAke THF FEALS HAHNA
wgdog FAG Mol Mg Byed FUH

HAoA g4 UV-VIS 2HEHL Fig 2o e}
Wik,

go; :

i

o2 [ ]

wave length (am})

Fig. 2. UV-VIS Spectrum of the solution after a) 99%
and B) 101% Titration of EDTA by Pb(l) stan-
dard solution.
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2. 2. 2. TeO:*” 0|22 &4
o]& 93l =el FE3HE 0IN KMnO, 898
7bste) 19 1% M vhe} #o] AP S
AP A7 v] g3 KMnO,2] 48 EF3HE Fe(lD
fdoz JAYnEN AHY Tes] & 24
stk ol FUHeY WAL WFAF HAYA
W3lE 38t FYPsged B JE AW HS
787 s Az WaEe] vEgks T3 peakd]
xg o} Z2UHoz FHArh AzxAITL ¥
7t29 A& AR MAEH-S Yanaco V-8
Potentiostat & AH&-3tTh. A2 24| 01N KMnO,=
Shinyo Pure Chemicals®] 53 A12%FS, 0.025M Fe(I)
|H e AJekg (NH):Fe(SO) & 1M #ite) =1 ¥
0.IN KMnO,Z 4+sh8g] g 4ste] ZE33Ich.
Comnwell 5& A/ HE F& a7 Aide] £
£3fstg ot B ddMe F& A4 vhg A3
4tl. o] KMnO7t Bl& 723 sl 2 Tet" 9}
Fe?* o] & ¥ ol Cl" o] 2% AL Yo B&E
Cl” ol&9 &4 A HA a5 A2 F U7V
Fojth, B% ClI™ o] 2ol o3 W antE A7
$18) preventive §4& F7tsl FEwll12] o] &4
MnO,” -Mn?" 2] &9 H9E 3o ¥
BaAFEz C 9 25 g gAste aFrt dov
Te!* s} Fe?*q] 4tapihg-m =gAlste 24
. Be AAE AMgElEE olf g O ol W

HERE AAL F AN

2.3 MI|METS &N

25 4 A3 U(DC 4—probe methods)E ©]&31%1 ).
[1314] A& 3x3x10mm ¥ 2712 low speed
saw (Buehler)E Al&-8led et & <dvlsie] A&
Ak, AlHe] GE Fol 2SN ARFE &9
F71 A% K& dAUE ¥ Ao dsiA ¢
A7)0 AYAEE HE WHAHAFE AH 4 &
o A 2mm ol ol Folr A AT oA
AlE BHY 43tE A5 fdllA 10T o]
Lol e RFPYZE 10°° Torr 37 HEE &
AsHEA EZ3F3Ach AYFE &ML Alumel H
& AHEEAT Alumel 2HH19) F71AH L AFIL 0O
mA 4 W] Hgte g B3t MAEA S Digital
Multimeter (Iwatsu Model 7404) & A}-8-3l9 2 AF+=
DC Current Source (YEW Type 2533)E o]&3hd]

T4, A14d A1E, 1990

EFeFA. o W AJE o] 2xjole] J§ @7
o] gFe AA7 A AR WS v
7HEA 1mA ez @ =T 10749 HeoleE
HE 3 HEsch F&oAM 750K7HA 20T U4A
07 & 4SA7IHEA Arre ¥sts @i
Aot

2. 4. Hr|1N3e| &£F

Heat—pulse Techniques© 2 &3 3% ci[13,14].
Heat pulset W5 % HAAE A3 L AP0 2R
H noise 44-& AA8t7] 93l ov A7) 37 E HYeL
2 AMgElgh BE 9 3 E o) AYE Adso AlH
Fao] £x 25 WAL o7 QIZ dNAF S
FEZ2E AA recorderdl 7)1EsIACE Ad2olA
750K 742 20T HH o2 2EE AHATIHA 97
HAge ¥sls B

3. @z A u@

3. 1. A|H2| XRDE4

AL AGE F dAnlsle] FHURE S XRD HE &
Btk Fig 3& x=03¢% Al#HY XRD Al

— T T Y .

(220)
(200)

{222)
(422}
420) (400 A i
Y S il J\ A

=h A
76 (3] 56 ~i6 35 36
20

Fig. 3. X-ray Diffraction pattern for the PbysSnosTe.

e 2L Ze ANUE fAR HEE B B E
AlHa| A Sp, Pb E& Te 9 4% BAEE peaksE
B 4 Atk Peakd] FHEololA HWole thE 05°
7tasl9len] PbTett SnTeol B3l peaks?t ¥
g o] Jehtr] g oz Hol A HAIglel
7&AE AU B 4 Ach (200) peakd] ¥
ANz RE 240 e Aads g Adst B,
Snel §rake] /M5 E AR ghol dadto] x=
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052 A H-L x=01 ¢ AHe} 3l 2 05% H& g
Bl old 35 PhTed] ZAA-47} 6461 Aol
SnTe®] 7% 6327 Ao]™ PbSnTe 3% Snel §o)
FME4E AdFe JHHoR Zadges B
& AAFHATL] £ grel ve) JuolFgos @i
Fo] AR ARG A= 3t v Sngl Fkol
Z71d42 ARG gho] Zadhe AL Sndl

o] &ut7e] Phel 2RMT Hom ®F fo U3
LA R T Spel ko] FESE FHAEY 2Hl
Z7htE AMdERY d9E 5+ U

3. 2. A ZHEHY
Ao =4EAM ZFHE Table 19 U3t
Z£AE 2 AHE 5 BT F HEFS Hska

BEEHUAE HE golth, HolAM BRe] BE AlH2
FEAAE (Pb+Sn) Hole Tedy §he] B ojest
ol Sn Yol FUIEFE AT AYS Holn
Att, olE vlztEeke] g2 Ph -,Te, AXS) y at
(049994—0.50013) 7 Sn;—,Te, & y3k (0.501—0.511)
o FFE 7HAE B 5 30 ook e g5 AR
A4 9% vacancy: acceptor G & 3t & p¥ o
WA AL Z2A e, Snd dol F5E F59
Adyge] F7lsleg HF(holes)d F=7F F7H3td
ANAEE7} F718 Aoz Q4% + Ak, AA
A7|AEES 23 o2 nE ol o4& HAY
it

Table 1. Analytical Results for the(Pb:-.Sndi-yTey
(x=0.1, 0.2, 0.3, 04, 0.5)

at %
Pb Sn Te
X

01 44.991+0.003 | 5.009+0.003 |50.000+0.003
0.2 40.012+0.004 | 9.980+0.004 |50.008+0.002
0.3 34.990+0.002 (15.000+0.002/50.010-+0.002
04 29.992+0.003(19.993+0.003(50.015+0.002
05 25.014+0.003 [24.968 +0.002 (50.018+0.002

3.3 WMz £¥EH
Ago A 750Ke] LxFsolA Snel #
o] thg AWESY] AVIAEE WAE HAFT Q)

Fig. 4 &

th, 2gozxyH

$HHog PP A d &

QA Sno] o] B AHLFE A7IAEES
grol Atk AtAolth, ol Snd &Fol FHEFS
F&A89 A¥Yol ARAde 2APAEHY ZIs
thgo 71Ea AR dr1dge SAEAY 25 A
Ao 3 A&t =70 (major charge carrier)7} A Fol&
AAZRE d9E § 3 F Sny 0] FHEFEH

NHEU 49 vacancy’t T8 4 vacancy< ac-
ceptor L B2 extrinsic A3t 2L FF
F57l 2718l ANARE =3 Frp8kA €t

Fig. 4904 & 08 izl AP & Bo F2

2.0

logG (Sicmi)

1.0

1000/TK™)

Fig. 4 Electrical conductivity of the Pb; - .Sn,Te as
a function of temperaure:O ; x=0.1, © ; x=
0.2, ®; x=03, 4:x=04, and A ; x=05.

e, ZE AHAAN FedMREH 27t St
o Wt AEwr}t gidtl EFLE FEAA F
A E Holx tA] F7lgithe AMA T, Snel el
B AUYFS AR HAXE Hole 257
Z7lgde Aol Aot
o] Mg £ gk & HPlA FRE AxEE
AuAQ] extrinsic ¥HE A 9] saturation (exhaustion)
Q7 intrinsic @9 12}, Saturation B H A
Anse 724 P o3 ZAA=E Asivz

el Fxo v A Hed Y =71 satura-
tion 4¥e =¥l s H& Y2l
¥ £ 938t 2121 saturation FFANA
WAoo g AJAREs} Aadted o 24T
uhE phonondl @ A@oz HhtEMNY olF=

gte] WAL o
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(mobility) 7} 72817 d&o|ti{15]. Fig. 4014 A&
AN FE HEme HAXE Hole X717} satu-
ration FHol AFHY. 2E7F ¥ FoAA HH
goui Aol 93} intrinsic Y209 FX7} F7heHA
o] extrinsic 12709 & 23} &A F9 intrinsic
yais F yasrt g o] LERE 1 o]Ao)
intrinsic 2 =9 90| €}, ojw) &=ZF7}o) o} intri-
nsic Y24 FE7b F7h3lRE Anre o) 2
7tetAl e}, Fig 4014 AxE] HAAE Mol:
2% o]49 d9o| intrinsic FHe] ¥t Sne &
Fo| F4% saturation FH L ZHE intrnsic FHo
29 AP L7} FolR &= FAL Snol Yo] &4
HE5AEY 2ol AANRE, F extrinsic A3 Y2
e w27t ANEZ o)t} B2 %49 intrinsic Wt
2707 AAE 7 Yalde B 52 222 7t
ofof 3] wj&e]rt,

3. 4. 9713 AU
Fig. 5& x=01-05 ¢ A9 300K—750K 2=

8 (uV/K)

Fig. 5. Thermoelectric power of the Pb; _ Sn,Te As
a function of temperature:O ; x=0.1, © : x=
0.2, ®:x=03, 2;x=04, and A x=05,

B 9ol ] "7 HE (Seebeck coefficient)] WSt F
ol& HalF1 glth. Fig 5914 B x=01% Al8&
A g Alfo]l M exFYlA d5e] 47HH
e zteth d7)A"e] e F A U=
A7t AFold dro] Hew16], ol AW =4

Fgsie, A1A A1E, 1990

A Ao 4t & ZE AJHAAM F4 vaca-
ney’t F A#e] Hug FFo| F vasr do,
a3y x=01¢ AHLE 670K ZAojA Er1AFHe
gro] FroM 52 HBEE B 5+ Aok ol F
Aahtaslzt FFAA AAR daide AS A4
s, ol WAz xe 23 Fig 4 282 A
HE At F x=019] AW 550-650KY] &
Z=H 9l A saturation G GolA intrinsic FHo.Z A
gt intrinsic FoM= Ashtazt 2 F
o Hziel AFo] Hed HAe] o]lFwrt FF Y
olFERTt Aug Azt &% H=rt S8 Hc)
w2l x=0.190 A H-L intrisic o] Al&EE &%
H28E gr1d9e ghe &8 WA dd. x=0.
2—052 AlHAME og} 7 A7 AY FFo wb
AARE A 5 dx E=F x @l FUESH
HAgE exvt 3718 Aog A & Jdov &
A¥e ey dodMe #FREHA ¥prh 750K
olAe] LR ME ¥ FEH Ee BF WE
H4dg 9 5 A

Fig 5914 B & e & A42 Sn9 %<l
HE5E 2 AT FE7 AL AUYFF VA
go) glo] = wd Lxwsld wrE Wale Xo
acke Ao}, ol Fig 6914 RAFE A} 2L
extrinsic SFEAANA S&EZ7} o] WE Fermi leveld]
W3l Folzre MHY"E F Qv F saturation 9
Holl A Fermi level Ht} & 22 extrinsic B
9] Fermi level? Bt} £& 254! intrinsic 999
Fermi level®] 7Hgt& 7HAv 4202 dsigr}
[15]. o] =} 3} Y29 =7} 3&4 5 saturation
d92 297} FoNEE 250 wE Fermi le-
vel?] 71&717F AN 18], 71H8 e A1 a9
Fermi level xbolol] 28] AAH B2 saturation FY
ol A Fermi level®d} 2% profilesd 71&7]7} 248
g9 e go] 23 E§ Wgle] £ HAA drh,
Fig. 5904 x &el H&4E (A3 F=7 L
£) 471439 gto] A W3le Amvt F& B
F3 vk A 971dy 23 F U 2204
d711 89 442 Fermi leveld &% 9] plot(Fig. 6)
dqx 7177y Fokled 71Ea 2L 2E
ol el &3e 71¢717F oAl Zadted 7IdEH.
£3] 3173go] A4gRtt 2 o|fE intrinsic FHol
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conduction band Ec

Ef

} ]
] [
] (]
] ]
l ]
I )
I ]
< I '
- 1 [}
s ' !
o
-]
-l
/7T
Fig. 6. Variation of a) Fermi level, and b) log of car-

rier oncentration with inverse temperature in
p-type semiconductor.

A7k el o} ARl g @r1Ao) we)
A ol 33l % 271G i) 25 g
27 WEoz 42 & At

a4 £

Comnwell 52 Y& /N3t PoSnTed 2A4&
43190, #4844 447 AT de A4
i iol] DA v staters A7 THIHL
v 2t et visakpSs vnl £ e ==
4ol 753k,

PbSnTeAl ¥t=A9] Sn &S WA A 7k 2
4AE Azsed 42D Sny Fo] FHHEFH
F49 dgYgol e ol 59 vaca-
ncyx acceptor2 2§t p— ¥ wxxF AEAE
A FE & F ARG, HEtA Sng Yol WS
NAYFE FFol g AV A==7E Aok x=01
ol A| -2 oF 670K ol A saturation ¥ S ZHH intri-
nsic @9o 22 Aol FAFU Snd FFo|
He ANHYSFE gr7]|Adgoe] axn £ ¥y L=

Z=d o€ saturation G99 &5 W N4 Fermi
levelel W3l ATrt Aace AldzRE dgy £
Fibe L=

HAl2]

B ATERL 198005 BT 2z A7
Mz £Y8 Ro2 B ATE AU 24 Bobq
ol 7t STk B¢ AU Ane] §4 So g
A3t 2 B3 Aeusta 2o &
2%, f U, 1 Y BT asdA A=,

R
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