
RD-A148 720 OPTIMISATION OF THE THERMOELECTRIC FIGURE OF MERIT IN i/i
FINE GRAINED SEMICO. (U) UNIVERSITY OF MALES INST OF
SCIENCE AND TECHNOLOGY CARDIFF DE.- D M ROWE ET AL.

UNCLASSIFIED APR 84 DAJR37-82-C-@8i6 F/G 28/3 NLIEEE'...,111111



-7777 7 -4 4

.4

*4L40

-1..

-. 4~ 1111Q 0__

1111IL25 .

MICROCOPY RESOLUTION TEST CHART

.4. NATIONAL BUREAU OF STANDARDS- 1963-A



OPTIMISATION OF THE THERMOELECTRIC FIGURE OF MERIT IN FINE

GRAINED SEMICONDUCTOR MATERIALS BASED UPON LEAD TELLURIDE

INTERIM FINAL REPORT

00. D M Rowe and C M Bhandari
Department of Physics, Electronics and Electrical Engineering,

University of Wales Institute of Science £ Technology,
King Edward VII Avenue,

CARDIFF CFI 3NU, UK.

Z.

* -C

1V .April 1984

'-,

. Thr Resea repor In this rnt ha n mad ible

-.-- '':'t troug/lt su rt/ d s oor !lip ofhenit e/ St !les/ /

venm t ough ts E opea Res rch fi of e .S. rmy.

hi re ris in nd only or e int r 1 mane nt of th

*Contract Number DAJA37-82-C-0116

________ ii 0 036

%:"1"



- - ' -- S A, " ._ q'. '. .t. ° ' a. S..' - -* * . L KL • t* * . - *

-- MOW( AY GOAM40W EXPENSe

OPTIMISATION OF THE THERMOELECTRIC FIGURE OF MERIT IN FINE

GRAINED SEMICONDUCTOR MATERIALS BASED UPON LEAD TELLURIDE

1. Introduction

The work relating to the optimisation of the thermoelectric

figure of merit in fine grained semiconductor materials based upon

lead tel luride has not been completed and the proramme of work is to
be continued under a new contract. Consequently- his report although

referred to as final, actually covers progress made during the period

January to March 1984. A complete final technical report will be

presented on completion of the project.

2. Work undertaken

As indicated in report No 3"the next step ino"4r investigation

was the development of a-theoretical nvlel which would enable a

realistic estimate to be made of the absolute magnitude of the

thermoelectric figure of merit Z of materials based upon lead

telluride. In report No 4 we reported the results of a preliminary

'. investigation into the effect of including a multivallied energy

band structure in our model; this was an essential step as all

- -S 
, established thermoelectric materials, including those based upon lead

telluride possess such an energy band structure, Previously workers

have limited their investigation to the non-degenerate limit and we

extended the analysis to cover the range of-doping level encountered

in practical thermoelectric materials.-2 Jn addition to possessing a

multivallied energy band structure, materials based upon lead telluride

have narrow energy band gaps. Narrow gap semiconductors in general

* possess non-parabolic energy surfaces and the difficulties encountered

in obtaining a satisfactory agreement between theory and experimental

', data has been resolved by including non-parabolicity in our

theoretical model...

* The results of our analysis of the Lorenz factor and the

electronic thermal conductivity indicates that meaningful information

on the thermoelectric behaviour of narrow band gap semiconductors
can only be derived from a model which takes into account the following

factors: (a) Multivallied energy band structure; (b) Non-parabolic

energy bands; (c) Minority carrier effects at relatively high

temperatures. The results of this phase of the work are embodied in
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the two papers entitled "Thermoelectric behaviour of a multi-

valied semiconductor" and "Electronic thermal transport in

thermoelectric material - effect of nonparabolicity" which were

presented at the Fifth International Conference on Thermoelectric

Energy Conversion, Arlington, Texas, March 14-16, 1984.

Parallel to the theoretical investigation an attempt will

be made to prepare materials based upon lead telluride with improved

thermoelectric figures of merit. Samples of n- and p-type materials

have been provided by "Global thermoelectrics", Alberta, Canada.

A quantity of <5 pm particle size material has been prepared and the

vacuum hot press is being brought into commission.

3. Future Programme of Work

As indicated previously the work will continue under a new

contract. The next stage of the theoretical investigation will be

to obtain the variation of the absolute value of Z with carrier

concentration and temperature; including all three factors (a), (b)

and (c) cited above in the theoretical model. Practical work will

centre around commissioning the vacuum hot press.

Accession For

NTIS GRA&i-I D7IC TAB

I itfiatlo
t o

, t i:_;: t i cn

- tlty Codes
. .. i-- ;~ v r L ./or +

-Pist Special

.%

'.":

._



(Proceedings of the 5th International Conference on Thermoelectric Energy Convesuion

Arlington, Texas - March 1984 Paper nl-2)

THERMOELECTRIC BEHAVIOUR OF A MULTIVALLIED SEMICONDUCTOP

C. K. Dhandari
e 

and D. M. Rowe

Department of Physics, Electronics and Electrical Engineering

University of Wales Institute of Science and Technology

Cardiff. U.K.

ABSTRACT when intervalley scattering is absent W,%. "
present investigation the value of /W na21v.'

Following the usual procedure for including the chosen to provide the correct ordor of crror

..::ects of a multivallied energy band structure, the

- ratio' (ZT) / (ZT) has been obtained as a function of Acoustic phonon scattering r v tv,.-
t." = cd Ferwi energy (C) where CZT] and ({l dominant scattering mechanism. Polar cpt:c,! sL

r "efer tc the dimensionless thermoelecTric figureVof is not insignificant in PbTe and its r.l' ,i.: L,

-l rit of a multivallied and single vallied semiconductor discussed in detail in a future cc-.;n:cat. . "'r

respectively. both with and without intervalley scatter- has discussed in detail the therms)e;,ctr-c '.-. .

Try results obtained agree with those previously of semiconductor mudk I!, whict r.... t... ...
reported in the limit of non degeneracy but the energy surfaces, single ellipsoidai envgrg*

effectiveness of a multivallied structure in improving multivalley energy surfaces. In his analysis he

fzojre of merit is reduced with increasing C. It considered non-degenerage extrinsic material and a-

* . ::nc:ued tnat at &o it is still an advantage that the reduced Fermi energy can he varied inde-,-

.se a rultivallied sticonductor while the inclusion of the scattering parameter s).
N . , r :tervalley scattering may decrease (ZT)ov/(ZT)sv

t-3t 2 ,- 357 ercent.
2. THEORETICAL MODEL

"t. PCDU. 1 ON a. Non-degenerate limit

nas Leer. recognized for some considerable time The figure of merit at optimum doping is usud:.

a nm-itivallied semiconductor (my) is more suitable expressed as a function of a parameter A:-

f r tnermoelectric application to one which has a single
"-a lev sv). Of the large number of semiconductors N
-ch have been examined, bismuth telluride, lead where A a '2

-e.1.ride .and their alloys) and silicon germanium alloys L '-0
- ar- estaclished as the best thermoelectric materials over

respective temperature ranges of operation [1). All and m N ml m) 11

m.:ese aterials possess a multivalley energy band structure. v

S.' In the non-degenerate limit the thermoelectric

f:g.re of merit (ZT) has been shown to increase .,1 m! and m are the components of the effective

Sinearly with the number of valleys, if intervalley tensor alona principal directions. Assuming that th,

" catering is neglected [2,31. However in practice relaxation time depends on carrier energy as E
s
, th.

Snernoelectric materials are doped to relatively density of states effective mass for one vallhy it. t'.
.iq,. carrier concentrations in order to optimise the multivalley case is the same as that for a sing ,.

f;q jre cf merit. A multivalley energy band structure is. m*-(m* m* m*) /3, and neglecting any interva!i,
and intervalley scattering may have a significantly scattering, ct can be shown that
different effect on Z in the region of optimum doping

compared tc that in the non-degenerate limit [41. In A L ) Nv(1l+a)
% tnis paper we examine the effect of a multivalley Amy sv

energy band structure and intervalley scattering on --
t:.,e thermoelectric figure of merit as a function of &v L)(3
:arrier concentration (expressed in terms of reduced mv

Fermi energy C). Here m2-m3 and m1 -am 2

A r'goruw; t.aiculation of the effect of intervallcy vi~dently Litt fijur,, of nwr t incr,.
•",:tering is difficult. Herring (5!, hcwever has of valleys Nv .

,eveoped a theoretical framework, which includes
.'rvailey scattering, to obtain the temperature b. higher doping levels
. ,dence of mobiliy% . For a single valley i. a
%I.ctivitv tensor n and a mobility tensor Of interest is the effect of a muitiv-,:.

-in t, define. The otal conductivity tensor due band structure on the figure Of merit of ,,i

t. the carriers in all the valleys in a multivalley have been optimlly doped (C=0|.
Land is given by Zlr whereas the overall

tensor is the averige of over different For a single band conduction mode ! ar;

..- ,s'. The temperature dependence of the mobility single spherical valley, the dimenicnrli :

r ree- tained by Herring in terms of a ratio V*/,w merit is given by

-,d W l are measures of the coupling of carriers
intravalley modes. For example:-

:r-rr the University of Allahabad, India.
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tr. reduced electrical conductivity and Seebeck |

,%"c€ efficient respectively [1,61. A multivalley energy

,%' ~~I L n ncorp-orated in the model through its effect

%' r ; electrica I conduc tivity. As t is taken as an" "I
"n .eperident parameter n is unef fected by the nulmber of >

'%'', iev. T* a- tr~e in our model of the effect of 2
rIle4 scattering.

7n, eff-ezt f incorporating a multivallied >" -

:.J r :an' be conveniently discussed by a plot of >.

a1I- t - (iE

e sv4

.. € m ... 4' t

i. s 2, (ZT) v/MT) tplotted against aofor Pba'n at ad'r

i ie n-degenerate limit ro ic ring,-- Polar Optical scattering,(:)

Evime.tis in rte nn the.- moe thouhttsefec

. . 11.V.$.~~( iwth I... 0tO
*Although the anaysidt .sAestted ns a general on

e .- i c we have chosen parameters which correspond to lead
Stelluride. Figures and 2 display the results of our

*"c clculations. At C--4, (ZT) /(ZT)_ is close to N,(-4
!7; I nc without the inclusion of itmralyscattering;

~ervaL le.eszatterlnq

including intervalley scattering (Wi2p/Wpt0.5) reduce

Sa oeeit to about 2.5 at 300K.
SNv ice) 

7

.- V Sv Within the framework of the model adopted i

following conclusions can be drawn from the resultt
of our calculations.

* ".Ni-.:-.v'ira. In the non-degenerate limit the ra tic scT)eig.

:ZT acquires-its highest value and as t increases 1 "
1.. L IISCUSSIONS approaches t value o unity in he degenerate limit.

- " b. The inclusion of ineter h ctering lowrro tto
* ~Cratio considerably in the non-degenerate lim t whl

c ain the degenerate limit the ratio (ZT)vis c lt -

and without the inclusion of Intervalley scatern

are almost identical.

c. In the region of optimum doping (1 00tIclntervalley scattering reduces the ratio (ZT) /:ZT

toby approximately 25-30 percent. However evidentl.
S C Wit is still advantageous of th m l ahermoelectric

J materials which possess a multivalley energ band

%" structure.

b> The United Stats Army through its Europers k(..
%E Ofaices is acknowledged or sponsoring ths re ar

under contract No. DAJ A37-82-C-0116.
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NWroceedinqs of tie 5th International Conference on Thvrm.,electr&L F-r-r, 1 1 -

Arlington, Texas - March 1984 Paper VI-3)

ELECTRONIC THERMAL TRANSPORT IN THERMOELECTRIC MATERZAL - EFFECT Or BAND NOH-PARABOLICITY

D. M. Rowe and C. M. Bhandari*

Department of Physics, Electronics and Electrical Engineering

University of Wales Institute of Science and Technology

Cardiff U.K.

ABSTRACT
The dimensionless figure of merit for u t t.,,

In this paper the effect of non-parabolic energy model can be written as
rands and minority carriers on the electronic thermal
:nductiviLty -e and the thermoelectric figure of meroit
Z -f narrow band gap semiconductors is investigated. ZT -

:, analysis indicates that if non-parabolicity is not *+ U1-o +o ).oo*(6 .6 .
t- r. intc account, the theoretical values obtained
f6: and Z considerably overestimate those observed
r x,-rlentaly in PbT. and Bi 2TeT. Minority carrier Suffices e and h refer to contributions from c.:

..ects. although- rola tively unimportant in PbTe at and holes and the a' arid m'* are dimcmcisionless. )u~n.:c
around room temperature are significant in Bi.,Te and as described in references [3°41-. The single ban!I
consequently a two band model must be emnloea. can readily be discussed by taking 0oO.

1. INTRODUCTION
r '.3. NON-PARABOLIC ENERGY BANDS

In general, semiconductors with high thermoelectric
figures of merit possess a multivalley energy band and The parameters which occur in equation (3) end.,, .
inarro- energy gap. Although the latter requirement the case of a parabolic band as described in refs

-P, a contributory factor in limiting the upper operating are modified for a non-parabolic band 2,5]. Tht

temperature; narrow gap materials such as those based transport equations can be written in terms of the

uipon bismuth telluride and lead telluride are widely generalized Fermi integrals defined by
e..Doyed in thermoelectric applications. Minority m

% carrier effects may be significant in narrow gap semi- nL m

conductors at relatively low temperatures consequently 0 Wn
a "two band model' should be employed in an analysis kT
-f -neir thermoelectric transport properties. In Here rif(/kT) is the reduced carrier energy, -k

iidition narrow gap semiconductors have been shown to is the inverse of the reduced energy band gap and
,ssess a significant degree of band non-parabolicity f is the usual Fermi function. For acoustic scatter.,
i2 tnc transport behaviour of InSb [2] and the lead of carriers the Lorenz factor is expressed as
.:alcogerndes '21 have been discussed in the literature.

2101 c2

16 in this paper we examine the effect of band non- L2/ L ) - A'
paratolicity and minority carriers on the electronic

-S"3 thermal conductivity and thermoelectric figure of merit
f materials based upon bismuth telluride and lead where 6 L.2/ L2

telluride.

.. THEORETICAL FRAMEWORK The reduced electrical conductivity is given by

A tuo band model is considered with the carrier U
effective mass (m*) depending on energy c as:- 0 KN, L/

-2
2,% k hCI

m" r (12 i,') where K t II

mC refers to the value of m* at the band edge and Eg is
the energy gap. C11and rl refer to the longitudinal elastic co.so"

and leformation potential respectively.
The density of states effective mass is given by:-

The reduced Seebeck coefficient is given rb,

% 2 _ (6(e)-')

NT - the number of equivalent valleys with m and m
tn.. longitudinal and transverse components of he L with "(C,) for the non-parabolic case is niv,-r.

." effective mass tensor. Equation (6).
?ermanent address. Physics Department, University

of Allahabad, India.
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4,RSULT The influence of minortty carriers on the figure of
4. RESULTS merit is conveniently demonstrated by plotting the

The room temperature variatio ofthe lWrenz factor factor [(ZT)_-TJ/ZT against C at different ten;-
and of the ratio of the electronic to lattice thermal eratures. )Sa and ZT refer to single band and t-*conductivity ); /AL ihrdcdFrieeg r

A L) with reduced ermi energy (C) are band models respectively. The results for PbTe at.a

plotted in figures I and 2 for PbTe and i2T*. respect- BLi2 T 3 are shown in figures 3 and 4.
ively. It is apparent that the value oft anA of

Ie/-L are reduced when non-parabolicity of the energy It is concluded that the inclusion of non-parazc..

bands is taken into consideration. In thermoelectric energy bands significantly affects the thermoeletr.c

applications the doping levels which correspond to a transport coefficients and consequently the fig.rc c!

Maximun in Zr are of particular interest and the values merit. The inclusion of non-parabolicity resltsr
! .,ar:tr. -Arameters given in Table I correspond to better agreement between the theoretical and exo:.rn. -

values of I /A and ZT. A two band model must 1.
employed for BiTe even at room temrwraturt. a'

PbTe at temperaiures above about 700K.

TABLE I

%. Lorenz factordt, A /4L and ZT at r0o, (room temperature)e L ~ ot

A/I ZT ZT i

(par.) (nonpar.) (par) (n6npar) (par) (nonp..r) (exp) tex:

PbTe .- C.75 2.1(3.0) 1.66(2.7) 0.42(0.8) 0.24(0.5) 1.3 %0.56 U.15 J.

i 2 Te. --D.65 2.1 1.5 0.55 0.21 0.92 o.0.56 0.25 .0.(

5.

-,% 1, irtvrv-.ey scattering included in the calculations with w /w-0 .5, w 2 and w1 refer to the strength of
.i ..... :....ers to intervaley and intravalley modes {8 racketed quantities in the case of PbTe refer

.c. va..es of the various parameters appropriate to the polar optical scattering (based on preliminary calcilati.

Acoustic phonon scattering is assumed to be the A rigorous quantitative estimate of the var~s ,

sole scattering mechanism operative at J00K. Although thermoelectric transport coefficients would requ-ir

N tnis ass-amptior is correct for Bi 2Te, optical phonon accurate estimate of intervalley scattering and of:

sca:.ring i. not insignificant in PgTe and must be temperature variation of effective mass. Alth>.;

inz1ei - :r. a rigcrous analysis. Detailed calculations present analysis is a semiquantirative vn,. ta it:

i . f th. pclar -rltica. contribution are in progress and obtained are relatively insensiti" r, .

_t u r,'Its will be communicated at a future date. in these parameters.

7thi res~lts f preliminary investigations are included
- .rack,-e quantities). Experimentally e L

.- 2. e .je. '' are given for comparison.
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:or BiTe, at different temperatures. 1. 300K 2. 500K.
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