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ie and level of doping. in extending the abalvsis to 3P material it is assumed t:nat

,e presence of small amounts of Mn (3.455Z) and Na (0.4757) does not signi-icantI.,

jange the disorder parameter appropriate to PbSnTe and consequently the reduction ;n the
attice thermal conductivity due to phonon-grain boundary scattering. In ootimall.,, Joned

);aterial (30- - )m ) with a grain size of around 0.5 um, the reduction in lattice
termal conductivity compared to equivalent single crystal material was estimated to be

about L2 percent.

The behaviour of the electrical properties of compacted material is ver',, relevant in any
attempt to imorove the thermoelectric figure of meriL. As-compacted materials exhibit
electrical and mechanical properties which are inferior to single cr.staL counterparts.
Annealing compacted samples at 700 0 C for over 2 hours under pure Argon :it an overoroesure
of 45 o.s.i. resulted in power factors approaching single crVstai alues.

Thermal diffusivitv measurements on small gain size compacted 3P material indicate that
tne reduction in lattice thermal conductivity is more than double that predicted by the
theoretical model and is comparable to the reduction reported for silicon germanium alloys.
The measured electric power factor values do not appLar to decrease with a reduction in
grain size. Consequently, the thermoelectric figure of merit of small grain size 3P

compacts ( 5 um) is about 30 percent greater than for coarse grain materials (25 - 60 um).

reduction in lattice thermal conductivity of this magnitude was unexpected and the
esults, if substantiated, would constitute a very significant improvement in the thermo-
electric properties of materials based upon lead telluride. Independent measurements
ti the thermoelectric transport properties of large grain size compacted material are in

lood agreement with UIST data. The discrepancy between the predicted reduction in
ihe lattice thermal conductivity with decrease in grain size and the measured reduction
ma be due to shortcomings in the theoretical model for the 3P alloy, with some inappropriate
assumptions being made during its formulation.

There is no evidence at present to suggest that the measurements on the small grain size
material are unreliable; consequently, it is concluded that the thernoelecric figure of
mt z- - material con be suvstantiao; r improved bv employing s::,o grain size co6:act

mater ia L.

t



AbSTRACI

Lead telluride type semiconductors rue used in the iahri(oti~n
thermoelectric modules currently emplo yd in a ouer of US military
applications. This report covers a programme of research undertaken in tnh
Department of Physics, Electronics and Electrical Engineering at U7IST,
Cardiff, during the period 1 October 1986 to 30 Septerber 1987 to prosce
materials based upon coamercially available lead telluride type r aterial
(specifically identified as 3P) with i.proved figures of merit and hen-e
greater thermoelectric conversion efficiency.

One way of improving the figure of merit is by reducing the lattio
thermal conductivity of the material. This can be achieed Ly employirn
very small grain size material in order to increase phonon-grain boundary
scattering. A realistic model has been developed for PbSnTe and used to
investigate the dependence of the lattice thermal conductivity on grair
size and level of doping. -In extending the analysis to 3P material it is
assured that the presence of small amounts of Mn (3.45%) and Na (0.45)
does not significantly change the disorder parameter appropriate to PbSnTe
and consequently the reduction in the lattice thermal conductivity due to
phonon-grain boundary scattering. In optimally doped material
(1024-i02 m-3) with a grain size of around 0.5 gm, the reduction in
lattice thermal conductivity compared to equivalent single crystal
material was estimated to be about 12 percent.

The behaviour of the electrical properties ot compacted muterial is
very relevant in any attempt to improve the thermoelectric ligsre Cr
merit. As-compacted materials exhibit electrical and mechani-,l
properties which are inferior to single crystal counterpdrts. Annealin 9
compacted samples at 700 0C for over 2 hours under pure Argon at an
overpressure of 45 p.s.i. resulted in power factors approaching single
crystal values.

Thermal diffusivity measurenit-nts on small gain size compacted P
material indicate that the reduction in lattice thermal conductivity is
more than double that predicted by the theoretical niodel and is comparahle
to the reduction reported for silicon germanium alloys. The measuredJ
electric power factor values do not appear to decrease with a reduction in,
grain size. Consequently, the thermoelectric figure of merit of smill 50o
grain size f3P compacts (< 5 im) is about 30 percent g::Lter thin to-,
coarse grained materials (25 - 60 gm).

A reduction in lattice thermal conductivity of this macjnitude ..a
unexpected and the results, if substantiated, would -cr{s'tt
significant improvement in the thermoelectric properties of ratu '
based upon lead telluride. Inde ndent measurements of th, ther..o<h ti

!'Lit



transport properties of large grain size compacted mterial a-- ir.
agreement with UWIST data. The discrepancy between the ,iit'-
reduction in the lattice thermal conductivity with decrease in gr~i:
and the measured reduction may be due to shortcomings in th thliti:il
model for the 3P alloy, with some inappropriate assumptions bei :
during its formulation.

There is no evidence at present to suggest that the mecur:-ts ,

small grain size material are unreliable; consequently, it is cncl ,

that the thermoelectric figure of merit of 3P material c~n E:

substantially improved by employing small grain size compacted triA.
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I. I.ST OF IIGURiUS

Figure 1. Plot of x (sintered)/x (single crystal) tcr a hioinly Jioro:.
alloy of lead telluride as a function of crain si- anA I,.:l
of doping.

Figure 2. Plots of the thermoelectric figure of :.erit 2 tot i:
disordered alloy of lead telluride with three di::erent 22OOicO
concentrations as a function of temperature.

Figure 3. Reduction in the lattice thermal conductivity of PLl-S.1o > t
300 K with decrease in grain size.

Figure 4. Dependence of density of PbSnTe conr a i--t. ",it i:i:
pressure.

Figure 5. Photomicrograph of 10 gm > L > 5 4m grain OiZe

material.

Figure 6. The percentage loss in weignt of 3P material Is a :urtti:

overpressure of argon gas.

Table 1. Thermoelectric properties of PhSnTe compacts.

Figure 7. Typical computer thermal diffusivity tra-, tc:otz.,o
specimen calculation.

Figure 8. Temperature dependence of the electrical resioti. t •
material as a function of annealing time.

Figure 9. Temperature dependence of the Seeh,,k :., i .
material as a function of annealing time.

Figure 10. Electrical resistivity as a function of An::;,:ii:: t,.

Figure 11. Seebeck coefficient as a function of an.,lir, t .. t

Tlble 2. Measured room temperature prcjortius c: C.:AJ*t,.
prepared from different ranguz of grain Siz,.

Figure 12. 'emperature dependence of the electril ,
grain size pressed 3P material.

Fijure 13. Temperature dependence of the echk : :.,
grain size pressed 3P material.

Figure 14. Temperature dependence of tl.' t ...... ..
grain size pressed 31, material.

Figure 15. Temperature dependence o: th :i..m : ::.

size pressed 3P material.

Figure 16. Lattice thermal conductiv it. . .
as a function of grain size.

Figure 17. Trermoelectri:- fig-re c- m ' A
grain size.



II. GENERAL INTRODUCTION

Under a previous US Army Research Contract I , a sio:.titti.e

theoretical model of lead telluride was developed and used to esti.re tr.

relative reduction in lattice thermal conductivity, compared to tm.t

single crystal, which accompanies the use of stnall grain size m:t~ri~1. It

was predicted that in a material with a mean grain size of ; 1:,, t .

reduction would be around 5 percent. A procedure d.cs oe'. -

co=.inuting very small grain size material and a number L: high density

co:pacts of lead telluride was successfully prepared. Measuree..ts

s=911 grain size compacts substantiated the predicted reductiom in t:> rm<]!

conductivity with decrease in grain size.

A realistic theoretical model developed for lead telloride g

gcod agreement between the theoretical values of the thermal conducrivity

and experimental data reported in the literature. The ther:?.electri:

figure of merit optimises at carrier concentrations around 2 x 11- -7'

and evidently the behaviour of the electrical transport properties ima in

marticular that of the power factor a2o is very relevant to any attemut to

imrove the material's performance. The results of a lim'ited prcrar.. . :

work in this area indicated that Seebeck coefficients very close to si:.:le

crystal values could be obtained by suitable annealing of the sm= 1l .z' i

cize co.spacted material. Electrical resistivity vdlues ho;:Jier,

sig:nificantly higher than equivalent single crystal values.

Phonon grain boundary scattering is enhanced in alloys a,.' tx<-

thecretical model was extended to investigate the ther.mal condocti;itY:

oisordered lead telluride type materials. PbSnTe was iduntifiuci as

tue alloys which held out the best potential for improver:.nt in t:.u

c: merit as a result of a decrease in the lattice thermal condiotivit ,

to p-onon-grain boundary scattering.

The success or the investigation into lead telluride nas led to :.,

zresent programme of research where the principal objectiwus i-

. llcws:

1I1. OBJECTIVES

The objectives of the programme of research descrit:d in th r -

Sre

To eploy a theoretical model to estimate the improve::.mt 1: t:.,<

thrmoe I ec. t r. c figure of merit 2 of PbSnTe which acco: ;.!nz0o

reduction in L due to phonon-grain boundary scattering.



2. To prepare high density compacts of PhSnTe alloy With :- .'

sizes and confirm experimentally the predicte dreuto i. 1.

decrease in grain size.

3. To develop suitable annealing procedures to r-uals ij :~~

electrical properties in the compacted material.

4.To measure the electrical conductivity anod~~r ur:<.

hence obtain the thermoelectric figure of merit.

1V. DEVELOPMENT OF A THEORETICAL MODEL

1. I ntroduc tion

The development of a realistic theoretical m.-del :ra!!o

lead telluride presented considerable difficulties. 'Tue noN 1,l

good agreement with experimental data r,-crtecd in the .ti2

involved obtaining the separate electronic a:nN 1 :t i

c ontributions to the thermal conductivity. The no-aazi t-r

multivalleyed structure of the ene.Lgy hands tozgtt'mer wit",1t

scattering were included in the model-, both acoustic ann piilnoo

scattering were considered. Minor-ity carrier ret ;ilalon

significant over, part of the temperat-re ran-je ort r ert iu or t.u

.-i,-erial and should be taken into account.

The actual (hi ghl-Iy disordered le ad t eIlu":r ide t type) :.ter: iii

.nvestigated ~.sdesignated 3P, obtained trom: Global Ther-7oeleo trics 1-

-3nsisted of PbSnTe with Mn ( 3 .156t) and Na (0.475-) added. Th, presence

of small proportions of Mn and Na introdiced prbesin frrmulatind a

mo.del as no information is available on the :hange in hand structulre or

etrective mass value which accompanies their introduiction into th.e ProSn.it

structure. It is assumed that the presence of small amou nts or !in &d

w i1l not significantly change the alloy disorue~r P jarfit er

::onsequently the reduction in the lattice therm7al conduc, tivity *u to

~,rain boundary scattering. Guided by these cons ideraitions and t- 1 ki tX

cand structure of PtSnTe to be essentially that of Ph~e 4ith, tl:< .

Sn serving to change the value of I , the reduction in 1hittio: hu:

,ondctivity of PbSnTe which accompanies a decre, su in grain siL,, c- n cuA

calculated. If the ratio of L (small grdin)/x~ Lin crystal) it -11

to he the same for 3P mdaterial as it is for P!:SnTe, the.,n the d>neo

and hence the figure of merit with grain size for 3P m aturial :-tn h,-

,-:stima,,ted from a knowledge of the appropriate single crystal data.



2. Disordered Lead Telluride

2.1. Introduction

The theoretical model developed to cotain an TstiLutc ,

reduction in the lattice thermal conductivity or 1cAJ t, I..

decrease in grain size, has been described in detiil in i.

report I . This model was extended to include dixirc LA

(alloys) and an estimate has been obtaincd of tl.u

thermal conductivity and thermoelectric fi.3ure o :. rit

level of doping for a highly disordired all,:.

indicated that calculations involvir.4j reliti,.

thermoelectric figure of merit are fairly inoun~it:. 1 t i:.;i .

refinements in the theoretical model. A two hand :.c,;I ,it..

multivalleyed structure was considered, accuLtic sctt :i ,  . :

the dominant scattering mechanism, intervally sattcrlr.

and no distinction made between ccnducti,'ity et: :ti.

density of states effective mass.

In order to appreciate the significance or £
2

j o r

included in this report it should be noted that th= luttic tu.::..

conductivity, L,is expressed in terms 3f thrze larA:.t -- .\,::

which relate to phonon scattering by alloy disordr, frcc C.:

grain boundaries respectively and is give: hy

L ,C) L ' OJ
+-

-h;eru Ln(Ak,B,c)

It is usual to express C in ter.:s or a p-::Ctr D,

inversely proportional to the grain size L and th c yc - rulAtr4 h; -

t;here T is the temperature. A = 0 corre ;ornd6 to unllloy ::,trijl 'ct:.

no disorder present, B = 0 corresponds to undoped iitcriil ld C -

single crystal material. In general X(A,h,C 0) 0) i- r2 ir&>xt ,

lattice thermal conductivity of a doped single crystal al1y, \,::l<

x(A,B,C) = Xsintered represents the lattice ther,,l co:r ti.t1;1t'' cr .

ccmpacted (sintered) alloy.



2.2. Reduction in the la ttice theral condsctivitv

Plots of the ratio xsintered/xsinglu rcystal at roc.:, t,-:.:.--. -

hihgily disordered alloys of lead telluria, (A=5) is disjly.: it: j

as a function of grain size and level or doping; in :. tuTi+il it..

c],ain size or about lm the reduction in ljtticc tht~ro.l .

co,pared to equivalent single crystal .,.terisl is in t, ran 11-:
percent. :

re P plot of

kL(sintered) XL(single
crystal). 10 for a highlydisordere? alloy of lead 0 - ..

telluride of grain size and -
level of doping. k0
=I.0.A=5.0; curves ..5,=0.05 "050"4, 52,B=0"010; 3, - + I" ' -- -< -

B_.t.005; 4, B=-

.-,c Plots of the
thermoelectric figure of merit 2
for a highly disordered alloy of / - CA
lead telluride with three different - -

carrier concentrations n, as a _
function of temperature: A, ...,, -
n = 5xI0I'm- ; B, n i 0 

- "  " /  
/ ""7

C, n = 2xlO~m-3 . Curves: -- L ,T.
corresponds to material with a mean -
s rin size -Im; -. .. Jm .
corresponds to 'single crystal' or
lrie grain size material

2.3 Effect of small grain sizeon -the t.:eroelectri r .- " .

vieliminary calculationz of the thero-luctri-c fijo- Cr ... . .

unalloyud lead telluride indicated tlat Z wAS toi .....i -

tQ;.,pcrature at a reduced Fermi Energy ( ) ot -0.75; ;Li .tco:". -i. V

a ca L ite r c r , c, trt r a t *1 on .. ..). .x........... ..... .. th

:--it for a highly disordered alloy of a.i3 tclcriU, t t;,Ai- -: .

larrier concentrations around optimum do,ing i s SLCCr in I ..,

• 1 , . ..



3 C K~ 4:K:l -: 1 C. .09- at .r

- a- S ass.--.Od t vary inversely wit- o.o~tr

aritl:nolcarier concentration . .it t .:rt- 10 -.~ue
-elatina the variat;o of: Seebe ck coefficient w it.,-.

:- 6ntial12  to the te:nperature dependence of the Seekcerc

.-aricus carrier concentrations. In Figure 2 a Co0mpa.r1So L -,

ceteen"siglecrystal" and small grain size --aterial. Iti

t'-at th e t he rmoelIe ct r ic figure o r -.e r it orf hihl,' a f!

telluride type material with a mean grain size of -a c 1 ct1

lon'er than eguivalert "single crystal" or lim-e am £o1

3. A'lloys based u7non luad telluride

Introduction

A realistic theoretical mod-el fcr lead eloieu

-iiallied stru cture, intervalley, j-,:- i n traa1&
a,- e ne ry bDA nds, anusi L7 -pial coo

--n 0loned ana ls geec~ oani ~i~

is.fd trans3port prcpterties. T his modela- wi tm0 r . ov,'-~

dtifying alloys based upon lead tellu.ridt: wit'- t cnio t 1

i p1rovenent in their figure of merit as a resu-lt -,

sun dair y scattering. Pi:SnTe is partic-ularly '. Li

rk::ern:e s in atomic masses of th-e :ornstituent i t c:Ts-nv

: cstantial alloy uisorder scattering anJ this mater:ial wis in. ~lit'~

Ii) Reduction in the lattice thermal1 c:.-nductivitv ct

The results of calculating the ratio J(it ,d)~~n>

,is a func-tion of grain size L, conveniently xrtsdin t,r,., :

is -ciolaye d i n F iguj:re 3.



U I -.- .

, 3 X, the ratio
xi(sintered)/XL(single crystal), I
p otted as a function of the -

parameter D and grain size L for
PbTe-SnTe at 300K. Curve I, B=0 -

(undoped); curve II, B0.0l
(optimally doped).

lIN basic characteristics of the PLAe s'stwz= tat , z -, .fn .n ::i :.

walcuation, and the effect of allaying vith S, no: G',:,= 1L r-

wisord~r 'wnich can effectively scatter t::u 1'.i 1: : ', : n:-- ; .. .

:. hnas the utruct of enhancing the vf~ t~ ~ s : 1A..:.--.-.: _.. :

scattering, Althongh there is some <1i:0ic tv in, T- :i:.: :..-

predictions of the dependence of the latriwe ..... !

vari ..s parameters because 0 f a Ils c ::--i ,. ] :-: .. .

.ncertainty in fixing' an =o i t . iu t _ :.... ..

wsti: atte the range over whicn tnte rcsuit-3 -"ill VAY.ry

It is concluded that in ......u- W n F gr v (h,.) ,,it:. A ..: -. j:oi: ..

of C.5pm at 300K the p~ercentage reduction, in latti, , f :. : A ::....

g iven hy [I - OL sirter Vd)/ L Osi le c - t jh) : z t : , '.t. .
optimally doped material (assuaing s.-rrk,-- conc,:nt.-,ti .::ti. !n: i i -

that ca unalloyed lead tv nwridu) two rcuuti.,n :- , ;. :...:.
reduction in mean grain size to 0,25 gm 1ul it-, -'

co:nauctivity of lead tin telluride by 17 ., rcunt. 'I Ii -i : , -'- 1 .i:, :

limit of the beneficial effect of a redz~c ion in jr,-Ai: r ,. .. .. :n. W:.

region electron grain boundary scatter-inj tucu::uw nijniki-. c .t ia, 1 ,

to an undesirable decrease in the electri 'al cnh<i -i ty:.

• I



(iii) 3P M. trii I

The material available f:' - .

Thern-oelectrics. As ind icatedJ in Se-ti:- I., I J

presence of s.all amounts of .Xn. ;t si ::i: :. : .

alloy disorder parameter and coc>,.tl' t:,.- :,.t . .

thermal conductivity due to grain L .ndJr- . ., ..

V. PREPARATION OF PbSnTe COMPACTS

1. Introduction

The theoretical model outlined in S:t _1:. . .,::: i .. _1

reduction in lattice thermal ccnu:ti ity 'it. u ::.'.. n.:::->.

ocbect of the programme of wcrk repcrted in tnis S. ti:'.', t :-,

high density compacts of PLSnTe type -.jterial wit:. i n:.

grain sizes, with the view to n.easuring the . t'i:s',.i< t:"

transport properties and oon ir::.in tn i' dtcs . in. ,

thermal conductivity with decrease in nr~in sioe

2. Charge Material Preparation

The starting material used in tnis investiz 'ation ,as , ,

Global Tnermoelectrics*, either in the forn-, of a : _lled lar:e :r .n

incot or coarse powder (stored under an inert gas). T:ie coarie ...- . -

zrushed in an agate -..ortar and pestle hbfore furt.<r cr-snino ,

ball vihromill, assisted by wetting in:;ethanol. The row.>: ;, t

sieved through British Standard nicrosie,'es usin- -ethanc1 a: a

and assisted by ultrasonic vibrations. Sieved fractions wit.

6 > L > 25, 2S > L > 10, 10 > L > 5 and L < 5 n were :olecr ,

as charge material.

3. Pressing Procedure

Disc shaped compacts were prepared by a cold pres.re :rr: In:

-e press employed was based on the on, ::issrihed -, ...:i. ......

in order to preserve precious powder and to .ini.> 1n' .

operations subsequent to powder compaction the Sic an.: ri.. ,

-iniaturised. Compactions of discs 6.5 -.. indianctar . x-

tneral diffusivity determinations using a ailahle ':lar't

3P coposition:

Pc 19.C97 , Te 49.491t, Sn 26.880t, Mn 3.45%-, Na ..4-.>

Supplied by Global Thermoelectric Power Systems Lt t. , i-. -,

Eassano, Alberta, Canada.



Charge powder was first heated in a hydrogen atirosph~r 1 t

pressure of about 35 p.s.i. for approximAtely 30 minutes. An prit

quantity of powder was introduced into the die to produce cn - oo.gtion

6.5 xru diameter disc between 1 in and 2 iun thick. Density deterrintier.2

were made using Archemede's method. Single crystal density is 7.14

CM-3 and the density of the compacats increase with pressinj prcs., ar ,

about 6.4 gm cm- 3 at 500 MPa to 6.99 gm cm- 3 at 900 MPa (i.e. hutr t::,Y.

98t of the density of single crystal material) as sho.wn in Fi, j.'e 4.

FkESSU4,E I 2g/cl
"2 )

1I I

'" " ' - -  
0
°  

- Figu~re 4.

0o Dependence of dcn.ity

0 0 0 of PbSr.re co~sacto i;:

0 -5s -pressincj prs:er
o~~ 25 3r

:0s 5-10 :

The behaviour of the material density vs. coipactio. prooo~c

does not appear to vary with change in the mean grain s t or t', chorc;.

However, difficulties were encountered in pressing 'good coiipoctr

less than 10 vm grain size; lamina cracks frequently occorr-c in t

compacts in planes parallel to the punch faces. Tni. prob1=;., rLic .

been observed during the compaction of lead telluride was lrgcly c.crco;c

by employing a two stage pressing process. The very sall gqrin o

compacts which are often very fragile, were recrushed to a sligitlby

coarser grain size powder and then repressed. This pioced~ru roultWJ in

small grain size material which possessed mechanical propurtiec

approaching those of coarse grained ccopacts preparud Ly sinjlu stoj

p'ressing.



4. Physical Properties of Compacts

hign aensity compdcts prepLed rrom coarse yain i :tlii .

good mechanical properties, are robust and can be readily chinll i

complicated shapes using ultrasonic cutting methods. A reduction in cr-i:

size is accompanied by a decrease in mechanical strength. Cold pru+;c~ o

compacts with a grain size < 5 gm are usually too fragile to mdcnir3.

However, as indicated in Section V.3, the physical properties can h,

substantially improved by a second pressing stage.

The surface of high density discs, after polishing down to 1/12 go size

is smooth and almost void free when examined by optical Licroscopy. 1.,e

grain structure of the compact is revealed by heating in an iodine etc- at

368 K for 5 minutes (10 H20, 5 gm NaOH and 0.2 gm 12). A photomicrograp:i

of 10 gm > L > 5 gm compacted material is shown in Figure 5.

' . Photoicrograh

,, . .- ,: . .. ;, . ,, , ..,grain si.e c a r :
.1 t.1r r " "' ., . I " ---- ...

+,i ; I ". ../ - * ,• "

It+,.. -. st. .•, , -- Photo ic grto

VI. ANNEALING PROCEDURES

As indicated in a previous report, the electrical tr.anspcr:t [ i_

of lead telluride type materials can be drasticdlly ChnnP- hy .I.
temperature annealing under different at;,ospheres. Tg., it

properties is evidently very relevant to any p-:sz:. :1L[.[.
directed at improving the material's thermelect-ic fiurte i

It was reasonable to assume that as high ,tn cvtrp:<v.- iu 3

possible should be used during the annealing in ordl,- to u<:s ls

constituent elements. The safe limit at which. cLr sili-1, n nui.

furnace operated was 45 p.s.i. In Figu re 6 is diisj,,l%'ud thele'cut;]

loss in weight of a typical pressed disc as a function ofc't,-rsu <

Argon gas. At 45 p.s,i, the percentage loss in we-.ght was ~0.04.

{ '



Kj
-- K ,,i.tL t: L.

" " ' I -1....... I ;

Ainfinite nu.Tier of comkinaticrs of annealing pJ:Az.,tL.z '";i::. ait.

te e electrical transport properties ard possihble,(viz. t,:.,:.,t;,

ar.nca1, ra te of change of te u.perature, ti at a pa-ticJ!r t--I

':-s atz.zsphere, pressure of gas, flow or gas, a nd -c o:..

s :y cr this aspect of the prograxcn, w -ld in itst ics:t .

• Lc-rch project. In Table I are presented tile rults o::.:,r,-t

te electrical conductivity and Seebeck coefficient a:t, sco ti. ,

[ r:ssed corpacts to a variety of annealinj conditions. A:.r.alir.j it

for ir.:re than 2 hours in a pure Argon at:,ospht.re resulted ir ti. -

co.npcts attaining electrical properties approachin] tfLose I J i:;,V

crystal material. The powders used in preparing co::pacts 1.'ivu a hi

of.ylen content following their long grinding times in air. In an itt,. >t

to decrease the oxygen content portions of the po;'c[-s wurd -ccc i ir.

hydrogen prior to pressing the compacts.

-1 1 -



TABLE I, THERMOELECTRIC PROPERTIES OF PbSnTe COMPACTS

Sample GS(gm) Reduced Annealing Seebeck coefficient Electfical

(hr) ('-C) (at) BA(gV/K) AA BA(nfl:) AA

A < 10 n 2 690 Ar 66.49 25.99 13.24 2.:.2

2 650 H2 22.40

B 10-25 n 2 625 Ar 67.40 30.07 13.56 .

2 650 H2 41.06

C 10-25 n 2 400 Ar 28.55

5 400 28.05

400 26.6,

D 10-25 n 1.75 400 Ar 69.30 26.27 . 3,

2 650 H2 57,03 $, 23

E 10.25 n 1 400 Ar 75.40 30.26 7.72 -U

F 10.25 n 0.5 400 Ar 3091

G 25-60 y 2 700 Ar 42.2" 862

H 25-60 y 3 650 Ar 56.31 46.61 1.227 0.55

I 25-60 y 2 7j0 Ar 43.9 92 .7

J 25-60 y 2 700 Ar 44.72.

4 400 Ar 43,62 M7

K 10-25 y 2 700 Ar 42.31 38.39 1.241 '.!-d

1 700 Ar 3b.62 2.523

2 650 H2 367771
4 300 31.C5 ....

L 22-60 n 2 650 Ar 71.68 30.53 6.212

M 25-60 y 650 H2 44,96 .

N 25-60 y 2 700 Ar 40.67 28.C3 1.-4" 2.66



V1TTV1 A IYC'l DCPROP1TIE

1. Introduction

As-compacted material often possesses electrical ri=sistivity valua o

least an order of magnitude greater than single crystal material.

limited number of Hall coefficient measurements indicated that acti.'e

carrier concentrations remained essentially the same with the increase in

electrical resistivity - a consequence of greatly reduced carrier

mobility. The reduction in mobility results from the presence of hich

dislocation densities. Any working or machining of 3P uteria1

significantly alters the electrical properties, conseque.ntly all trdnsport

measurements were made on the disc-shaped samples produced by .

pressing.

2. Seebeck coefficient and electrical resistivity measarements

Seebeck coefficient measurements were made using a hot probe; acc ',

of measurements is 1 3 percent. Electrical resistivity :,ree-ts

fade using the four probe method, accuracy t 2 pcrcent.

3.Thermal Diffusivity Measurements

Rcom temperature thermal diffusivity measurements ",re race using li si

,-lash techniques. The rise in temperature on the rear face of the L- A. i

was monitored with a chromel-alumal thermocouple. In order to : 1 it At

cmpariscn between thermal diffusivity curves the ,easurini s':

ceen computerised. Hardware (interface electronics) and soft<r .

developed for use with a BBC microcomputer. A typical diffuoivit' t

s snown in Figure 7 together with specimen cAlculaticn.. ':. .

conductivity values were obtained from th thermal diffusivity usin

C,., where C is the specific heat, p the density and " thu :.Ls:,:

thermal diffusivity values. Room temperature specitic heat ,al ,: iL

-.184 W gm-IK -I .

VIII. RESULTS AND DISCUSSION

1. Annealing

As indicated in Section VI, the electrical transport pro;.,-t, A,>

sensitive to annealing conditions. The eftect -n th u relItr>T

resistivity and Seebeck coefficient of annealing at dit cr, nt te.p<.t

as a function of time are displayed in Figures 8 and 9 r1"p'ti;;ly. It

apparent that the reduction in resistivity is maxi;.ised at i. : nn<.,i:..

temperature between 650 0 C and 760 0 C. In Figures 10 and 11 -re nresentvc

the results of measurements of electrical resistivity ani Se,.:

coefficient on different samples before and after dnrneatlinj it diu :-rent
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TABLE 2. MEASURED ROOM TEMPLRATURE PROPERTIES OF COMPAC(I'ED ",',i'. [A,

PREPARED FROM DIFFERENT RANGES OF GRAIN SIZE.

Specihaen D p a A 2 /P t I U - -Z
(qgcm- 2 ) (ml~cm) (gVK - 1 ) ( -WK2cm-  (Wm-IK - 1 (I( f

- o tl .0cI 0.83 50.3 3.05 1.99 1.55 S ..4 i..

r 5 L 6.856 0.67 43.2 2.78 1 s 1 12 . .

1>L<25 6.472 0.64 42.9 2.87 1.57 0.97 505,

5' L<l0 6.388 0.74 45.4 2.78 1.4 . 1

L<5 6.543 0.77 46.3 2.76 1.18 . .

IX. CONCLUSIONS

All objectives of the programme of research. eu.n

semiquantitative theoretical model for lead-tin-lluri ..

developed and extended to obtain an esti:m.ate of the in;rv.' .

thermoelectric figure of merit of 3P material as a a:ncticn ,:

in material grain size,

A number of 'good' high density co:..pacts of 3P n'u-t- ri.1 x.

nrecared using a double co:.paction procedure. An .lin 7  .

also been successfully employed in re-establishin , el~ctrical :,,=

'alues in the compactud mat.al Which at

The measured reduction in lattice tneral conduti.ity .

than predicted hy theory and if sustantiitud by furthr.

would constitute a very sicnificant i.-:rovemnt in t t tr

oroperties of disordered materials zaud upon lld o lr .zn

m-.easurements of the theroelectric p-operties of Ii r i:

compacted material are in good agreement with UWIST dti t

evidence at present to suggest that the results of near

grain size material is unreliable. Conseu<ntly it must :k - i

the thermoelectric figure of merit o! 3P material -An h, ti P11w'

improved by employing small grain size c7.-pacts.
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