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ABSTRACT

Bi,Te, based solid solutions, are widely utilized as thermoelectric(TE)
materialsin peltier modules, in order to attain higher figure of merit(2) a
fraction of weight at different percentage of Sb isadded. The compound
Bi-Te-Sb prepared by unidirectional solidification techniques such as
melting accompanied with oscillating the melted compound followed by,
crystallizing by zone growth method. Thiswork isfocused on, the prepa-
ration and characterization of the samples with formula Bi, Te, and(Bi,,
Sb,..), Te,(Bi,, Sb,..), Te, are known as p-type TE pellet, this com-
pound has a higher Z compared with other solid solutions of the Sb-Bi ,
which have been tested as p-type pellet. The major aspects of TE such as
electrical and thermal conductivities and seebeck coefficient, which di-
rectly affect the figure of merit were measured. X-ray powder diffraction
anaysisof(Bi, . S, ), Te, compared with Bi, Te, suggeststhat the grown
crystals are stoichiometric for(Bi, . Sb,.), Te,. It should also be noted
that there is a strong relation between Z, balancing charge carriers and
phonons of the compound, but they will not be discussed here. From
experimental results Z~2.7x10°K"! was obtained, this is the same value
which was reported in the previous work.
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INTRODUCTION

Bismuth telluride compoundsare of great interest
duetothelr high potentid for technologica applications.
These compoundsarewidely used inmany fieldssuch
aspower supply and refrigeration duetotheir ability to
produce significant temperature gradient with the ap-
plication of current. Bi, Te, compoundsarelayered crys-
talshavingrhombohedra unit cell and symmetry space
group of D°3d(R.3'm), with two-and threefold axes of

symmetry C, and C,, respectively!¥. It belongsto the
narrow band gap semi conductor(Eg=O.15eV) andfinds
afew applicationsin temperature control of laser di-
odes?, optical recording system and strain gauges®.
Bisnuthisasemimetd, itscrystd structureisbased
onrhombohedrd lattice, with only dight distortionfrom
fce structure. Thesemi metallic propertiesof Bismuth
aretheresult of dightly overlapping e ectronand hole
bands. The Brillouinzone(Bz) of Bi isnearly identical
tothat of fcc structure cubic lattice. Hencethevarious
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Figurel : Isomorphous(Bi,_Sb ),Te,, with x>0.75, Anti-
mony reached solid solutiong(p-type), and Bismuth reached
solid solutionswith x>0.75(n-type) crystallizein therhom-
bohedral structure®

symmetry points can belabeled inthesame manner as
thoseinthe Bz of thefcc lattice. However, the distor-
tion from the cubic lattice causes the L pointsto be
centered in pseudo- squarefaces. The - pointsremain
inthe center of hexagonal faces.

Proposition for Bi remain valid for Bi,,Sb, for
0<x< 0.15. In support of thisview Brant et.al have
shown that the el ectron Fermi energy surface decrease
involumewithincreasing Sb concentration, but remain
geometrically unchanged within 9-10%.

Pure Bismuth and pureAntimony aresemimetals,
asareBi_Sb, alloyswith x afew atomic percent at
low temperature near 0K B Theexperimental infor-
mation on Bi-Sb with x at the above mentioned range
show semiconductor properties.

(Bi,0,), Te, solid solutions consisting of isomor-
phous Sb,Te, and Bi,Te,, with x>0.75, Antimony
reached solid sol utions(p-type), and Bismuth reached
solid solutionswith x<0.75(n-type) crystdlizeintheiso-
morphous solid solutions(seefigure 19,). Bi atomsare
substituted by Sb atoms. Vol otskii and Syidnevt” have
reported aband structure with two-band modd for both
conduction and valence bands of the solid solutions.
The calculation of band edge parametersof Bismuth
and Bi  Sb aloyswith 0<x< 0.15 have been pre-
sented by

Okhotin et al®, have studied the variation of ther-
mal conductivity, € ectrical conductivity and seebeck co-
efficient of themateridsin different categories. Metas
arepoor TE materialswith alow seebeck coefficient
and they havelarge el ectronic contribution to thermal
conductivity with respect to semiconductorsor insula-
tors, so o and k will cancel each other. Insulators have a
high Seebeck coefficient, and asmall eectronic contri-
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bution totherma conductivity, but their charge density
andtherefored ectrical conductivity arelow leadingtoa
low TE effect. Thebest TE materid sarethose between
metalsandinsulators; i.e. ssmiconductorswithan elec-
tronic chargedensity of 10°%cm 38, Thedectrical prop-
ertiesof semiconducting materialscan change dramati-
caly with temperature. It istherefore, semiconductors
canonly function as TE materid sover certaintempera
tureranges, whichwill vary for each semiconductort®.

Nolasand Slack!’ have considered the effective-
nessof most commonly used semiconductor materials
for TE devices. Itistherefore, known TE materidsfall
into threecategoriesdepending ontheir temperaturerange
of operation. Bismuthtdlurideanditsdloyshavethehigh-
est ZT, and areextensvely employed interrestrial cool-
ing. Themost commonly used semiconductor material
for cooling gpplications, bismuthtelluridesystem(Bi, Te,),
hasamaximum performancea gpproximatdy 350K with
an effective operating range(EOR) of 170K to 470K.
Bi-Sbaloysareuseful only at low temperatures. Lead
Teluride(PbTe), thenext most commonly used materid,
istypicaly used for power generation but isnot as effi-
cient asBi,Te;incooling applications. PbTereachesa
peak ZT at 620K and has an EOR of 573 to
773K .(TeGe),, (AgShTe) , dloySTAGS), wherex ~0.2,
and has an EOR of 673-873K. SiGe, has an EOR of
1073-1273K and hasbeen widely usedin TE genera-
tors for space applications together with TAGS. The
skutterudite, CeFe,CoSb,,, hasan EOR of 673t0973K
but isnot used in practicesince TAGSissuperior inthe
sametemperaturerange.

A TE couple/module consists of n- and p-type TE
materials, wheren and p standsfor the negative and
positivetypesof chargecarrierswithinthematerid, re-
spectively. Theworking principleof atypical TE couple
is, asthe electrons move from the p-type material to
then-typemateria through an electrica connector, the
electronsjumpto ahigher energy state absorbing ther-
mal energy(cold side). Continuing through thelattice of
materid, theeectronsflow fromthen-typemateria to
the p-type material through an electrical connector,
dropping to alower energy state and releasing energy
as heat to the heat sink(hot side).

A TE converter module consistsof anumber of a-
ternateingot-shaped n-and p-type semiconductor thermo
elements, whichareconnected dectricaly inserieswith
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metal connecting strips, sandwiched between two e ec-
tricaly insulating but thermally conducting ceramic
plates(e.g., AIN). When an electric current is passed
through themodule, hest isabsorbed at oneface of the
modul e and regj ected at the other face hencethedevice
worksasarefrigerator™. Theefficiency of thedeviceis
usudly given asapercentageof carnot efficiency. Present
TE devicesoperate at about 10% of carnot efficiency
whiletheefficiency of compressorsisabout 30% and
increaseswith sze. Thereisno knownlimit for the effi-
ciency of TE device, except for thecarnot limitl*2,

TE propertiesof anisotropi c semiconductor, el ec-
tronicstructureanditsrelaionto TE propertiesof Bi, Te,
were studied by several authord*19, |t isacommon
precticetofabricate Bi, Te,-based TE materia sby means
of crystal growthl*¢17 and other methodg*®?2., In this
work, anovel crystal growth processwasdevel opedto
fabricate Bi, Te,-based TE materials. It is possible to
obtainahigh figureof merit dueto careful crystalization
and annealingingots. XRD spectraconfirmthisstate.
Wehavefabricated p-type(Bi,, Sb ), Te, crystalizedin-
gots, compared with Bi, Te, XRD spectraand then mea-
suredtheir TE parameters, i.e. dectrical conductivity o,
therma conductivity k and Seebeck coefficient a.. We
have defined thefigure of merit fromaformula, Z=o?c/
K which quoted in the enormous papersand texts.

EXPERIMENTAL

To fabricate p-type(Bi,.,Sh,),Te, compound with
x=0.75, theelementsof Bi, Teand Sowerepurified up
to 5N purity. The powder mixtureswereplaced intoa
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quartz tube, and thetubeis evacuated below 10° Torr
and thetube was heated to 250°C for degassing from
wall of the cylindrical furnace. Thenthe Nitrogen or
Argon gaswasadmitted into the vacuum systemtore-
movethereacting atmospheric gases such ashydrogen
and oxygen. This procedure secured theundesired re-
actions of the gases with the el ements not to be oc-
curred, when the sintering was carried out. The evacu-
ated tubeswere at 10 Torr and sealed. The powder
mixturewas sintered at 700°C to obtain amelt. The
medtinthetubewasdtirred with 80 osaillaionsper minute
a 700°C, for onehour using arocking furnaceto make
ahomogeneousmelt without segregation. Thetubecon-
taining themelt was quenched at a200°C ail tank, and
then cooled to room temperature. The solidified ingot
waspulverized andfilledinaquartz tube(~300mmlength
and 8mm diameter). Theinsidewall of thetubewas
carbon coated by acetone cracking to prevent adhe-
sion of thecompoundsand Tediffusion deep into the
tubewall. According to above-mentioned process, the
tubewasevacuated againto 10+ Torr and sealed. The
tubewas placed in avertical melting-zone systemto
crydalizethematerid a agpeed of 13mm.ht. Thecrys-
tallized ingot in the tube was annealed at 300°C for
24h, then cooled down to room temperature for 5h.
Theingot wastaken off thetubeready to characterize.
In order to provide agood conductive surface, asolu-
tionof HNO;: H,0=1:5wasused in etching and clean-
ing of theingot surface.

Themicrostructural propertiesof the samplewere
investigated by X-ray diffraction(X RD). Theconventiona
X-ray diffractometer with atarget of Cu, (A=1.54056A)

TABLE 1: Thedatafor theBi,Tes, Sb,Te;, S 405 T €565 ANA(Bi; T€3)0 25(S0, TEs)o 15 StrUCtUr €S

Bi,Te; 0,405 T 0505 Sb,Te; (BizTe3)0.25(Sb2T€s)ors
Il 20 dA) h k | 1 20 dA h Kk I 20 dA h k I 1 20 dA) h kI
10 17738 500 0 0 6 4 17445080 0 0 6 40 176 0 0 6
100 27616 323 0 1 5 10028036318 O 1 5 100282443157 0 1 5 100 281 - O 1 5
70 38131 236 1 O 10 100 3810 236 1 O 10 35 382852349 1 O 10 50 382 1 0 10
50 40.8312210 1 1 0 3842194214 1 1 0 6 4070022150 1 il 28 42 1 1 o0
25 424012130 1 1 0O
30 45439199 O O 15 63 44599203 O 0 15 4 445992030 0 O 15 65 448 0 0 15
30 500321823 2 0 5 63514381775 2 0 5 2 505531804 1 1 9 22 516 2 0 5
5 548051675 1 O 16 63 540581695 0 O 18 2 541621692 0 O 18 30 541 - 0 O 18
20 572561609 0 2 10 63 581541585 0 2 10 8 584361578 0 2 10 18 58 0 2 10
30 624541487 1 1 15 63 631061472 1 0 19 8 632021470 1 0 19 20 63 1 0 19
40 665531405 1 2 5 63 663331408 0 1 20 2 663331408 0 1 20 20 66.2 0 1 20
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havebeen employedfor analyzing. The TE propertiesof
the crystal weremeasured dong thegrowth axisat room
temperature. Specimenswith dimensions25mm length
and 8mm diameter were cut from theingot for themea-
surementsof e ectrical conductivity o, Seebeck coeffi-
cient o, and thermal conductivity K. To measure the
Seebeck coefficient o, special configuration was de-
signed®, Thetechnique based on applying heat to one
end of the gpecimen, measuring thetemperaturegradient
by aAl-Ni and Al-Cr(Alumd-Chromel) thermocouples,
andthepotentia gradient at a10mm definelength of the
sample. Theseebeck coefficient(a) of theingot wasde-
termined from=AV/AT.

Thedectrica conductivity o wasdetermined by gp-
plying current d ong thelength of thesample. From the
formulaof o=II/VVA dectricd conductivity canbeca-
culated wherel isthe current, V potentid different be-
tween two endsof length| onthesample, | isadefined
length and A isthe cross section of the sample. Re-
peated measurementsweremade rapidly with duration
shorter than 1sto prevent errorsdueto the Peltier and
Jouleeffects. Thethermal conductivity K, wasmea-
sured by same methods as?4.

Having these measurementsthefigure of merit(2)
at theroom temperature was evaluated by theformula
Z=u’c/K.

RESULTSAND DISCUSSION

Thepreferred orientationsof thegrainsinthecrys-
talswerestudied by XRD anaysis. Figure2 showsthe
XRD patterns obtained from powder of the sampl es.
Thestructure of (Bi, Te;), ,5(Sh,Te;), 75 1Sjust matched
withtheBi,Te;‘Sb,Te, and Sby 445 €505 Cf. TABLE.

Thebars(lower part of the XRD patterninfigure2
arecharacteristiclinesof planesfor Bi, Te,, Sb . Te, .
and Sb,Te,, structuresand unit cellsof the compounds.
From datasheet of XRD system theintensity of (015),
(1010),(110),(0015) and(0210) planes attributed to
Bi,Te,, Sb,Te, and, to the unstoi ciometric solution of
antimony telluride(Shy, 405 Te, 505 SOlid solutions). The
compound isformed by subgtitution of Sbatomsby the
Bi sites of the Bi,Te, structure or vice versa. Sy s
Te, 5o SOlid solution results in anisotropy owing to
unstoiciometric correspond to lack of enough Teinthe
compound. Thisisdueto low vapor point of Te rda
tiveto Bi and Sb. The(006) planeisattributed to Bi, Te,
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TABLE 2: Summarized TE propertiesof the(Bi . Sb,..), Te,
ingot

Parameter  Present work Ref [27] Ref [25] Ref [26]
a(uVK™) 222 216.45 227 2155
o(x10°%Q.m)* 1205 1488 512 621
K (W/Km) 2.2 258 173 118
Z(x10°k™ 2.7 27 153 244
16+ || 1 I 1 ol iy i u&
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Figure 2 : XRD pattern obtained from powder of(a)
Bi2Te3,(b) p-type(Bi,,, Sb, ), Te,

and Sb,Te,, and finally(0018) and(1019) planes are
related to S, 405 T€, 505 aNd Sh, Te,.

There were reported?2! that, the p-type(Bi, s
Sby, 1), Te, compoundswere highly denseand flaky. It
istherefore, to investigate the preferred orientation of
thegrains, XRD analysesacquired from the powder of
thecompound. The XRD anadysisshowed that, thein-
tensity of the(1015) and(0018) planes are much stron-
ger and attributed to Bi, Te,and Sb, Te, . Inaddition, the
intengty of (005) and(006) planeshave same satus.

TABLE 2 summarizes dataof the TE properties
for theingot. The measured val ues of the Seebeck co-
efficient o, thermal conductivity K and electrical con-
ductivity o compared with those obtained by!?>%71. In
the previouswork? it was deduced that there may be
errors on measurements. However, the XRD charac-
terization was repeated and measurementswas carried
out with high precision but therewereno deviation on
the Z vaue. Therelationship between the seebeck co-
efficient o and the carrier concentration nat agiven
temperature can be expressed asfollow: When elec-
tron transport occurs viaaconduction band(CB), the
seebeck coefficient isdefined ad 2.

where N, istheeffective density of statesinthe con-
duction band. Thetransport or scattering factor Ain
conduction band depends on the scattering mechanism.
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Thetransport factor A for the CB model dependson
the scattering mechanism, and usua ly ranges between
1 and 3. Thedidocationsformed duringthecrystdliza
tion decreasesthe carrier concentration because of the
Tevacancy, whichisgenerated by nonbasa dip dueto
mechanical deformation actsas donor®-%, Theelec-
trical conductivity o can beexpressed by thefollowing
relaionship:

c=unhe

where eistheelectron chargeand pisthecarrier mo-
bility. Thisassumption, may explain the disagreement
of our dataand corresponding datafrom the references
(20211 could originatefrom thefact thet with different frac-
tionsof thecompoundsin solid solutions, athoughthe
carrier concentrationisdecreased, thecarrier mobility is
significantly increased dueto thedecreasein structura
defects. Thetherma conductivity, K, dightly decreased
probably becauseof theincreasein phonon-grain bound-
ary scattering dueto thegrain refinement, and then be-
causeof anneding partia grain growth duetotherecov-
ery. Thecaculated figureof meritisgivenin TABLE 2.

CONCLUSION

p-type(Bi . S, ..), Te, compound wasfabricated,
and Z=2.7x103K* has been obtained. The compound
hasahighest figureof merit compared with recent works.
Nevertheless, fractionsof Bi and Sb have been exam-
ined, The(Bi . Sb, ,), Te, hashighest figure of merit
among them. Thediscrepanciesof themeasured values
of thiswork and the previouswok areattributed to the
measurementson different position ontheingot. There
are reports that the stoichiometry of the compound
changesaongtheingot if dongtheingot thezonemdt-
ing method isemployed for crystalization.
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