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We have investigated the electronic thermal conductivity and thermoelectric figure of mét@®@fand
(111 oriented PbTe/Ph ,Eu, Te quantum wells. Our theoretical formalism includes the nonparabolicity of the
carrier dispersion, band anisotropy, as well as carrier scattering on acoustic and optical phonons and presents
a substantial improvement over existing models. The kinetic equations are solved by iterations taking into
account multisubband transitions. The values of the electronic thermal conductivity and thermoelectric figure
of merit are examined in a wide range of the quantum well widths and carrier concentrations. It is found that
in (112 oriented quantum wells the electronic thermal conductivity and Lorentz number are strongly enhanced
due to the lifting of the valley degeneracy. The effect of the confined carrier-phonon scattering on the value of
the thermoelectric figure of merit is analyzed in detail. The obtained results are in good agreement with
available experimental data for thin quantum wells and bulk material. The developed formalism can be used for
accurate simulation of the thermoelectric properties of low-dimensional structures.
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[. INTRODUCTION mal conductivity or carrier-phonon scattering rate suppres-
sion has been termed the phonon engineeting.

The field of thermoelectrics has witnessed a strong re- The first experimental investigation of PbTe{PkEu, Te
newal of interest about a decade ago with the proposals tquantum wells has showh'a significant increase of power
improve the thermoelectric properties of some materials byactor andZT in individual conduction layers. These results
preparing them in the form of quantum welQW) two- have  stimulated  further  theoretitil'’  and
dimensional (2D) multilayered structurés or one- experimentaf~?! research. The quantitative treatménof
dimensional(1D) quantum wire array structurédA signifi-  the thermoelectric power in thin QW’s has demonstrated a
cant enhancement of the thermoelectric power factor angood agreement between theoretical and experimental re-
two-dimensional thermoelectric figure of meit,;T has  sults. The power factor and figure of merit have been calcu-
been predicted for QW's due to the increased carrier densitlated in Refs. 13 and 15-17. However, quantitatively the
of states per unit volume as compared to bulkvalues obtained on the basis of the various proposed models
thermoelectricd=3 In these papers the simplest models of theshow significant discrepancy. Therefore, a more rigorous and
guantum wells with an infinite barrier potential and constantcomplete theoretical analysis of the thermoelectric properties
relaxation time approximation for carrier transport have beemf QW’s becomes an important and timely problem.
used. In the later papér® the theoretical description of In this paper we present a very detailed and comprehen-
quantum wells has been made more rigorous. Several typedve investigation of the thermoelectric propertiesnetype
of QW structures were considered in different temperaturd®bTe/Ph_,Eu Te QW's. First, we consider the effect of en-
intervals. The general conclusion was that Bleenhance- ergy band nonparabolicity on the thermoelectric characteris-
ment in quantum wells is not as drastic as predicted by théic. This is done on the basis of QW modelyvhich allows to
original simple models. At the same time an alternative waytake into account the anisotropy of effective masses, the mul-
of achieving higheZT via the decrease of the in-plane pho- tivalley character of the constituent bulk materials, the de-
non thermal conductivity in low-dimensional structures suchpendence of the effective masses on the quantum well height
as quantum wells or quantum wires has been propb#idd.  and width, the presence or absence of the valley degeneracy,
based on the idea of acoustic phonon spectrum modificatiothe effect of carrier penetration into barriers, and the cou-
in low-dimensional structures embedded to material of displing between longitudinal motion of electrons along the
tinctively different elastic propertie’s. well and transversal motion across the well. The quantum

More recently, attention turned to structures of even lowewell material, PbTe, belongs to the narrow-gap semiconduc-
dimensionality such as quantum dot arr&y$n quantum dot  tors, and, therefore, the effect of energy band nonparabolicity
arrays and superlattices the improvement of the thermoelecan be very important. Recently, it has been demonstrated
tric characteristics is expected to come from carrier minibandhat the nonparabolicity plays a significant role in determin-
formation and reduction of the phonon thermal conductivity.ing the value of the thermoelectric powérs second task,

A decrease of thermal conductivity is possible due to thewe investigate the electronic thermal conductivity of quan-
increased phonon-boundary scattering at the interfaces, &ism wells, which has not been done before. The electronic
well as, due to the change in the phonon dispersion. A coneontribution is important and has to be included in consider-
trolled modification of phonon modes to achieve lower ther-ation because the optimal QW parameters are achieved at a
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higher carrier concentration than that in bulk materials.=U, when|z|>d/2 andU(z) =0, when|z|<d/2, whereU is

Moreover, the Lorentz number, as will be shown, increasegne conduction-band offset between the well and the barrier
and the contribution of electrons to the total thermal conducmaterial, andd is the QW width. The components of the
tivity can be very high. In addition, we take into account thejerse effective masses tenmﬁl receive their barrier val-
recent reevaluation of the PhyEu,Te band parametér&and ;oq for|z|>d/2 and the well ones folz|<d/2. In the local
barrier potential heigh! The electronic thermal conductiv- coordinate system, connected with the main axestiofel-

Ity,l Lcl)r(tanézf nutrrr:bgr, a}nd the\r/\r/n:)electnct flgutrr(]a Off m?.rlt are}ipsoid of constant energy, the tensmr_j1 is diagonal and its
calculated for the in-plane QW transport as the functions o omponents are given va

the quantum well width and carrier concentration. Our modeF
includes thg scattering on both acoustical anq o.ptlcal m‘YYL(E)=mm(l+E/E\gN),
phonons. It is general enough to allow for the carrier inter-
subband transitions to be taken into consideration. The ki-
netic equations are solved by the iterative method. The in-
vestigation is focused on structures (f00 and (111  wherem!"'® are the longitudinal andn'"'® the transversal
crystallographic orientation. The maximum expected valugyand-edge effective masses in the well and in the barrier,
of the thermoelectric figure of merit and the Optlmal StrUC'respective|y,E is the electron energy, which is determined
tural parameters required to achieve it are determined. Oufom the Schidinger equation with the Hamiltoniaf8),
results are then compared with those obtained on the basis W8 5re the band gaps of the well and of the barrier mate-
other very distinct theoretical models and available experi-ri§|sl Solving the Schidinger equation in all three regions of
mental data. the structure and using the Bastdrbloundary conditions at
interfaces, one can obtain

m?, (E)=mP [1+(E—U)/EE],

Il. GENERAL CONSIDERATION

Let us consider the carrier transport along P(E.k)=am=2 arcsir (E,k)],

PbTe/Ph_,Eu,Te QW in the presence of a weak electric 2mW(E)d? U2
field E and a temperature gradie¥il, which are parallel to p(E,k)= d . [E—e"(K)]|
each other. The electrici| and thermal , currents densities h

are related with the field and temperature gradient as
E— SW( k) 1/2

le=GE—(GD)VT, I,=T(GSE—-HVT, (1) (ER=] TwE

= B(K)— W
whered,S,y are the tensors of electrical conductivity, See- mE(E) [U+e(k)—El+E~e7(k)
beck coefficient, and electronic thermal conductivity, respec- (4

tively. The later is determined at zero electric field. The usual

thermal conductivity at zero electric currektt is given by masses in the well and in the barrie!’8(k) has the struc-

k®=%—T(cS)S. The current densitie€l) can be calculated re of electron kinetic energy, calculated with the masses,
using which depend orE, k is the 2D electron wave vectok,
2e 2 =(k,ky). The solution of Eq(4) gives the electron disper-
:_2 ViEr, |q:_2 (EX—p)V2itl, 2) sion law in theath subbandE,,=E,+ & ., whereE, is
Ve Vay the energy of dimensional quantizatiofy, , is the kinetic
energy in theath subband. Equatio®) was solved numeri-
cally. The following material parametéf<® are used in
simulations: m{'=0.35m,, m|¥=0.034n,, E‘g’;’z 321 meV
for PbTe andmf=0.495n,, m®=0.049n,, E;=635 meV

ere m‘Z’V'Z(E) are thez component? of electron effective

le

wheref is the nonequilibrium distribution functiofg, and
V_ are the full energy and the velocity of an electraris the
set of quantum numbers of electronic states initvalley, u
is the chemical potential, anelis the electron charge. The g ) i 9=

currents are sums of currents from different valleyands, ~ for barrier material withx=0.09 U=173meV) atT

(53), % are the sums of corresponding contributions from= 300 K. We consider QW's wit{100) and (111) orienta-

each valley, too. tion. In the case of100 orientation all four ellipsoids of

To describe the electronic states in the given valley, weonstant energy of the bulk PbTe are equivalent and the en-
have used the Hamiltoni&hthat takes into account in the €rgy subbands in them coincide. In the caseldfl) oriented

simplest approximation the nonparabolicity of the carrier dis-QW the valley degeneracy is partially lifted. Two sets of
subbands arising from different valleys appear. One set is

persion law, R A X e
from longitudinal ellipsoid perpendicular to QW and is situ-
h2 9 1 d ated below the second one from the oblique ellipsoids. Sub-
H=-= > o | mzE) _,a_x]-+U(Z)' stituting k=0 into Eq.(4) we found the energieg,, of di-
] mensional quantization as functions of the well width
_ With increasingd the number of levels in QW increases.
Xi_(xiyvz)' (3)

New levels appear at equal intervalsdés in the parabolic
Herex,y are in-plane axes, armiis perpendicular to the well model, but atd? =% m(a— 1)/[2m‘ZNU (1+ U/E\gN)]l’z. In
plane,U(z) is the confinement potential of the QW,(z) Fig. 1 we showed the dependencies of the dimensional quan-
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of E, the effective masses increase mainly as a result of the
effect of nonparabolici§/ and partially due to the penetra-
tion of the wave function into the barri&tFor E,, close toU
the second of the mentioned effects becomes more important
and the effective masses take the values of carrier masses
into barriers. The numerical study of E@) has also shown
that with a high precision the masses of electrons from dif-
ferent subbandsy and B are connected by the relation
mxa/mya%mxﬁlmyﬂ, i.e., all curves of constant energy,
for a given QW have similar forms.
To calculate the kinetic coefficients we used the expres-

. . . sions(1) and (2) and the Boltzmann equation approach for
50 100 150 the determination of the distribution function. The elastic
d(A) carrier scattering on deformation acousti®A) bulk
honons and the inelastic one on bulk longitudinal optical
LO) phonons were considered. Usually, in such situations
the variational method or the iterative method are applied for
solving the kinetic equation. The thermal conductivity is ex-
pressed through the second moment of the function of
energy® connected witH,, and one can expect that its value
Curves ¥, 2', and 3 correspond to Fermi level: '1lis for n is more sensitive to the form d,, than the conductivity,
—108cem3 2' is for n=5x10%cm=3 3 is for n which is r—_zxpressed through t.he zero moment. Therefore_, we
—10° e 3, ’ used the iterative methdd,which gives more exact numeri-
cal solution of the kinetic equation. To take into account the

tization energies on well widtti for (111) QW. Qualitatively, ;2?;2 t?grisolir’?géall: vecti)rs_gzivl?/been éljb_j%(:tgd tovt_rll_f trans-
—Ya™ ka™ Ya Vkar —Yats

the dependencies of all energies on well width, including™", s B d - / 12
Fermi energy, are similar to those of Ref. 15, where we have_ gav_;l;’zkg%i/iz_gai i Yax=1, ;"m gay_(m?a rr?ya) ’
used the parabolic approximation and more heavier effectivé/k*« =" Mya,  icx p= (Mo /Myg) 7icx o (further we
masses. But now their values are higher by 0.8TL Shall omit the sigfi over new vectors In this coordinate

Besides, the dispersion la®, becomes nonparabolic. system the linearized Boltzmann equations are

E (kT)

S = N W A NN

1
—

FIG. 1. Quantum-well energy levels and Fermi levels expresse
in koT units as a function of the well widtl for (111) oriented
PbTe/Ph_,Eu,Te well. Curves 1l to 8| denote the levels
E, ,Ej ... ,Eg, arising from the longitudinal ellipsoid along the
[111] direction, curves &b to 3ob denote the level&,,,, Exgp,
and E3,p, arising from the oblique td111] direction ellipsoids.

Numerical investigation of Eq(4) has shown that with a ka— M
good precisiort,,, can be approximated by a Kane-like dis- ~ ~&(VkeE) + —F— (Vi VT)
persion law,
27 Nk—q,
Eva=(EqufA[ 1+ 47y g, 12— 1}, =T Gay 2 ARllap(QIA(Pi g5~ D) 5
ko= 1 2KE2My +H2K512m, (5) X{N(wg) 8" +[N(wg)+1]87},
where 1
) 1 Ea fka_nka+l<()_Tnka(1_nka)q)ka=
m =l—-w=—>0QA+y )+ —F—7——
o miW(Ea)( Ya) my(E,) U—Ea> 8" =8(xhwg—Ex,tEx_qp). (7)
m¥(0) mu) E, |* HereAq is the electron-phonon rznatrix ezlement and2 in non-
X|2¥,t —w==(1-y,)+—5 U—E , transformed coordinate systeig=2me“xfwo/VQ®, x
m; (Ea) m; (E.) @ =s 185", wq= wy for interaction with longitudinal opti-

_ 2um—1 i cal phonons,AthEfQ/ZVps, for deformation acoustic
Ya=P(Eo0{2ro(1-rp)™3 7% i=(xy),  (6) phonons,wq and N are the phonon frequency and phonon
andr,=r[E,,0m"(0),m8(U)], x,y are parallel to the main distribution f_unctlon,Q is the 3D phorjon wave vecto_Q
axesoof the eIIipsfe of ccinstant energy,, Egq =EV+E =(a.q,), V is the system volumek, is the deformation
) a g a”"

At Il val & th imat io8) coi potential constant is the sound velocityp is the mass den-
\ sma .\r’]a lrj]es Ol th€ appro'X|m;':1 e exprehssmb ) COiN- gjpy " “ands.. are the static and high-frequency dielectric
cides with the exact one and is close to the parabfilic  constantsn,, is the equilibrium Fermi-Dirac distribution

~ 7x, With new effective masses, given by H@). Atlarge  fncion, v, =% 1V, &, is the electron velocity. For small
7k the dispersion law becomes linear and the valueSof  content of Eu in barriers and QW's larger than 20 A consid-
given by Eq.(5) are smaller than the exact solution obtainedered here, the phonon confinement can be neglected and
from Eq. (4) numerically, by not more than 5%. The massesphonons are considered as in bulk PbTe. The scattering form
determined by Eq(6) depend on the energy of dimensional factor |, 5(Q) is given in Ref. 15. The intervalley scattering
quantization and on the potential height For smallE,,  was neglected as less important at room temperature. The
when levels are close to the bottom of the quantum wll,  new function ®,,, which characterizes the deflection of
take the values of masses’ in the QW. With the increase nonequilibrium distribution function fronm,,, is searched
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in the form?®® ®,,=V,, [e(7,E)—(7,VkoT)]. In the 03— ]
guasielastic scattering approximatiq'hv has the meaning of i —
the relaxation time vector for electrical processes. In this /
approximation the scattering functiag,, is related withsf,, 02 7
asy,=[(Exa— m)/koT)] 7, . Taking into account the sym- '
metry of Eq.(7), we have decomposed the angular depen-
dencies of£(" into Fourier serie? and have kept the first
nonvanishing terms. Then ®,,=3V,. [e75(¢)E;

- rL(s)(VkOT)i], wheree is the kinetic energy of an elec-
tron in « th subband. The inverse Fourier transformation of
Eq. (7) gives the system of coupled equations ek,

7 (ps)

T

FEM E(T E(T), .— Yo FIG. 2. Relaxation times¥t, (curve 1 and 5, (curve 2 for x
wD(e)=| &0+ 3 175 e 1) S D oromed o moat

andy direction in oblique valley of111) oriented QW as a function
of electron energye. The contributions of scattering on optical

+ T[E;i(T)(S;B) S:;Bi]] / S?n- ®) (curve 3 and acousticalcurve 4 phonons intory, are also shown.

(13) and by the change of the dispersion law after transition.
Here &, z=e+E,~Eg*fiog, =1, ¢I=(e+E, Intheintervals between steps the dependerife) is con-
—u)/koT, and nected with the effect of nonparabolicity.
In the case of scattering on LO and DA phonons, the
2 2 2 Nk—a.8 funCtIOﬂSTE(T)(S) were found numerically from Ed8). The
j d‘?_ E Al |'aﬁ(Q)| values of parameters were taken from Ref. 31. The relaxation
times as a function of carriers energy are shown in Fig. 2 for
1 1 (112) oriented QW afT=300 K, n=5x10® cm 3, andd
5+ 2) 57, (9  =20A, when all valleys contain one energy subband. The
curvesto(g) have, as in the bul® the form characteristic
K.\ 2 N for the carrier scattering on LO phonons. With increasing
—') Ooy A2Q||aﬁ(Q)|2;q’ﬁ the relaxation time increases, too. At the energyfw,
k QB Nka (hwy=0.526,T, T=300 K) the electrons obtain the possi-
+ - bility to radiate a LO phonon and to leave that state. At
X[N&"+(N+1)57], (10 temperaturkyT~% wq the number of phonons is not great
9 is the angle betweek and x axis. In the case of carrier and the relaxation time and the distribution function decrease

scattering on LO and DA phonons it is necessary to add tgonsiderablythe first jump in Fig. 2 The minimum of dis-

St;ﬁl T

Vk—q.g.i

X
Vk,a

N+ =

2w 2

a/i:T_ o d'l?

%, the acoustic contribution tribution function ate =% wy and the presence of term with
“ the argumenbaﬂ in Eq. (8), which describes the scattering
E2 TkoT processes from the lower energy state into the given state,
SPac= (780~ 1= =5 —5— (M,My,) 1 provide the appearance of minimums at energies

=Mhiwy, M=2,3,....
U These minimums become less expressed at highit
XE Faﬁlaﬁa(erEa—Eﬁ), (11 considered carrier densities the electrons withk,T play
the main role in the thermoelectric transport. The comparison
12 of curves 2, 3, 4 shows that at these energies the carrier
Top=[1+4(s +Ea—Ep)(s +E,—Eg+Eqp)/E5,]"2 scattering by LO and DA phonons gives comparable contri-
butions to the formation of distribution function. At higher
the scattering by acoustic phonons becomes dominant. Note
|aﬁ:J dz|;a(z)|2|gﬁ(z)|2. (13) that the relaxation time— y(&) (curve 2 for y direction is
greater thanrt, (&) (curve 1, although the inverse relation
7% is the relaxation time of electrons msubbandgis the ~ takes place for mobility > my,).
Heaviside step functions,(z) is the normalized electron In thin quantum wells, _quantltatlvely. close results for re-
wave function inz direction. The scattering on acoustic axation times were obtained for longitudinal subbands of
phonons in the elastic approximation is isotropic, the factorﬁlm and for oblique ones of100 oriented QW's in both
5 . ' cases of scattering on acoustiand on optical phonons.
AgN(wq) in Eq. (7), wherewq=sQ, does not depend c@ Large in plane effective masses correspond to a small mass
As a result, the relaxation times are isotropic te;=175;  of dimensional quantization. In thin QW’s with finite poten-
=75°. The dependence () has steplike character. At the tial height this leads to the spread of the wave functions
electron energg =Ez—E,, Eg>E,, when a new channel s (z) and to diminution of the form factors for scattering on
of energy relaxation with the carrier transition to higher lev-DA and LO phonons. As a result, the relaxation times weakly
els B becomes open, the relaxation time sharply decreasedepend on QW orientation in spite of essential change of
The values of these steps are determined by the form fact@ffective masses.
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Using Egs.(1), (2), and (8) one can find the transport T

coefficients. In the coordinate system connected with the % (@
main axes of ellipses of constant energy, , the tensorsr, S
(¢5), ¥ are diagonal and their components for each valley <
are w100
i R 2keTd 10 (14 05|
SN . L |
(790~ ZhtgTd 10 e mhkoTd (19 ol
ko2 € d(A)
i = E) ﬂ__thLi,li (16)
" _ n - T T
E(T) _ ~142 & |(etBam =
LEC ; 9oy 0% JO dee| 1+ .. KT N - ®
5 1
X (142e/Eg,) o1 Ni,) 75 P(e), n=0,1. sl ‘ i
17
To obtain the full transport coefficients, the tens@dr4)—(16)
deriving from different valleys were led to one definite co-
ordinate system and summarized. It gives, for example,
0100= 2(0xx+0yy) for (100 oriented QW andoy;;= o
+3(090+ b2 for (112) QW, whereo' and oy; are the 2r 1
conductivities of longitudinal111) and oblique subbands. — — :
L . 50 - 100 150
Due to Onsager symmetry principle, the functloﬁ(s) d@A)
and 7\;(¢) are related through Ed15), which was used to
check up the numerical calculations. FIG. 3. Calculated electronic thermal conductivigy and Lor-
entz numberb) of PbTe/Ph_,Eu,Te quantum well as function of
IIl. RESULTS AND DISCUSSION well width d for (100) oriented QW(curves 1, 2, Band for(111)

) . ones(curves 1, 2', 3'). Curves 1 and 1are forn=10% cm™2, 2
Using EQgs.(14)—(17) we have calculated the electronic 4,4 2 for n=5x 108 cm~2. 3 and 3 for n= 10" cm3.

thermal conductivityk®, Lorentz numberL=k®¢T, and
thermoelectric figure of meriZ T=oS?T/(k"3+k®) of the
QW layer, wher&'®'=2 W/m K is the lattice contribution to
the thermal conductivity of PbTe. The electronic thermal

characteristic for the combined carrier scattering on acoustic
and optical phonons in the case of Boltzmann statistics and

s . . ~'nonparabolic dispersion law up to values, characteristic for
conductivity and Lorentz number as a function of well width the degeneracy beginnin
d are shown in Figs. (@& and 3b), respectively, fof100) and C 9 7 33{ ) ?: g') d 3b) show the d q
(111) oriented QW's. In the case 0100 QW's the fourfold urves 1-51n FIgs. 3a an show the dependen-

- : cies of thermal conductivity and Lorentz number on well
valley degeneracy is preserved. The cur d) [Fig. . . . .
3(a) ycurvges 1-3 };re sFi)miIar in general t\:ﬁ?ﬁ(e )fo[rmgs of width for (111) oriented QW. In this case the confinement

corresponding curves forr,od). With increasingd the partially Iift_s the valley degeneracy_ an(_JI the carrierg become
thermal conductivity increases. The Lorentz numfzerves ~ Se€Parated into two groups of longitudinal and oblique sub-
1-3 of Fig. 3b)] has a more complicated behavior. At small bands, resp_ecuvely, wnh very d|ﬁ_eren§ energies. Note that
d it is approximately constant. Ad=d* new energy levels for QW of high symzmetr_|c orlentatlons in cubic crystals the
E, appear in the QW. Because of small population theséelationmmm,=m¢m, is carried ou® for all equivalent
levels have a negligible effect on the conductivity. However ellipsoids in the bulk. In the oblique ellipsoids” is smaller
due to the great energy, the carriers in these states give motigan the respective mamlt of the longitudinal one. Accord-
significant contribution to the heat transport and, respecingly, the density of states in oblique subbands, which is
tively, k3o andL g a little increase neadt?’, . With a further  proportional to 3 (ngbmgb) 122 'is higher than in longitudinal
increase of the well widthE,, quickly decreases, and both one, concretely in the considered structures almost by one
k$oo@ndL ;oo diminish too. As a result, small peaks appear onorder of magnitude. As a result, in spite of the fact that the
the curveskfy(d) andLqoqd) at d=d* . The increase of first oblique subband is significantly higher than the longitu-
Lorentz number atd>80 A (curves 2 and Bis connected dinal one, their populations at considered carrier concentra-
mainly with the change of statistics of electrons on the firsttions are of the same order. The coefficient of thermal con-
subband from nondegenerate at snaatb a slightly degen-  ductivity k® is defined at zero electrical current. The heat
erate at greated. Note that the multisubband carrier trans- current in such conditions is connected with the difference of
port has a relatively small effect on the Lorentz numbeks  energies of two equal currents of electrons moving aWig

in the bulk, the values of ;5o vary fromLg=2.1(ko/€)?,  and in opposite direction. In the bulk and (h00 QW the
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zZTr

08

04r

50 100 150 B
. 0 10 20 30
d(A) n(1018 -3)

FIG. 4. Thermoelectric figure of mer&T of PbTe/Ph_,Eu,Te
guantum well as function of well widti for (100 oriented QW
(curves 1, 2, Band for(111) ones(curves 1, 2’, 3'). Curves 1 and
1’ are forn=10®¥ cm™3, 2 and 2 for n=5x10"®¥ cm™2, 3 and 3

for n=10" cm™*. the relaxation time strongly decreases with decreadiagd
becomes proportional to the well width A complete com-
number of carriers with high energy is exponentially smallpensation ofd dependence ino, S k° and ZT takes
andk® is small, too. In(111) QW's, due to presence of lon- place!®!’and the maximum value &T will be the same as
gitudinal and oblique subbands with approximately equain the bulk. In the case of scattering on LO phonons the
populations, electrons of these subbands create currents figlaxation timer-© decreases with decreasiugtoo, how-
opposite directions. And each such pairs of electrons carry agver, less sharply and© remains finite in the limiti— 0. As
additional energyAE,z~ E°P— E'B, if Fermi energy is @ result the optimal value ofT increases even af —.

smaller tharE'B, or AE,z~ Ezb—M, if > Elﬁ' As a conse- WhenU lowers, the wave functions become extended, the

quence, the thermal conductivitf,, and Lorentz number form factor in Eq.(7) .and the scattering. rate dimineish. The
L., Strongly increase and achieve their maximum values agomplete compensation dfdependence i, S andk® does
smalld, whenAE,, is greater. With increasing the longi- not take place andT increases in comparison with the case
tudinal and oblique subbands approach each othér, whenU — oo for both scattering mechanisms. Note, also, that
@ . . . . . .
decreases, ankt,; and L,;; decrease, t0o. The nonmono- when the wave function penetration into the barriers is sig-

tonic behavior ok¢,, andL,y is caused, as ifL00) case, by nificant, an additional strong carrier scattering on alloy dis-

the appearance of new subbands in the well. Butiti) order arises, which should be taken into consideration. As is
QW the number of subbands is much greater. their populageen from Fig. 4, the thermoelectric.fi.gure qf merit is higher
tions and, accordingly, the contributions to transport coeffi" (100 QW's. Although the conductivityr,oois lower than

cients are smaller than if100) case. The nonmonotonic be- 7111’ the enhancement of Seebeck coefficient and the de-
havior becomes less pronounced crease of thermal conductivity provide higher valuesZaf

The effect of carrier density increase on Lorentz number Eﬁgreg[o;];(\:/t?'"ce%{ dfgﬁ?%g% pégifr\éaeu%ﬁhhéaé%e dV\;r:)er'en-
L4414 is different at small and at large well width. At smdll Ic Tigu It weakly dep Q !

the increase oh leads to the decrease bf;; because the :?;'rozoincigfr;?%?ﬂ?;?gg ?n;[to.;sls'r?ctnfvg dlkat I(::g;-

energies\E . transported by carvies decrease. At laghe slmall dthe o tilmaln is higher. The 'de elndenciesuZﬂ" on

carriers of the first subbands become degenerateLand P = ?& : pende

increases with increasing electron_ dens_|ty fod=20 are sho_wn in Elg. 5. For both
In thick QW's the values ok® andL slightly depend on QW orientations the maximum is achieved at=1.5

. . ) x 10 cm™3. Calculated values of the figure of merit
QW orientation and at very largitend to their bulk values. . ; ; .
At d=150A the thermalycongﬁctivity is smaller by 20% (ZT)* for thin (111 QW's agree very well with experimen-

: tal results? At d~20 A in the range of concentrations
thankg,,, calculated by the same method in the same AP £\ 10 5% 101 o2 (ZT)%%= 0976—0.87 are only a

proximations. ; ; expt_ _ :
In Fig. 4 we show the dependencies of thermoelectric“ttle higher than the measured onez,T) 0.71-0.78 In

fgure of MeNZT o el il 0r(100 ana(111 QWS at 7o, nples wih ese parameters, or bicker
different carrier concentrations. The valuesZdfare greater 9 y b

than in the bulk and grow with the decrease of well Width-Irievx(t);?,gfjglscugﬁtefvie \}vv;lc?etl(rgnvfﬁs ?Lgehfrzetgfn d(ea);?:fig;as
Such behavior oZT is connected with the effect of density h . .t | situati y th I y

of states increasePartially this effect is compensated by € expenmental situation rather wetl.

increasing scattering rate in the quasi-two-dimensional sys-
tem. The latter is more pronounced at strong confinement
(U—=), when the whole carrier wave function is localized = We present a comprehensive theoretical investigation of
into the well. In the case of scattering on acoustic phononghe electronic thermal conductivi? and Lorentz numbelr

FIG. 5. Figure of meriZT of PbTe/Ph_,Eu Te quantum well
as a function of carrier density for (100 (solid line) and (111)
QW's (dotted ling.

IV. CONCLUSIONS
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in n-type PbTe/Ph_,Eu, Te quantum wells. On the basis of lifting, when carriers are separated into two or more groups
our model we predict the maximum expected values of thevith very different energies and approximately equal concen-
thermoelectric figure of meriZ,p T and determine the opti- trations, may lead to a significant increase of the electronic
mal parameters of quantum well structure required to achievethermal conductivity and of the Lorentz numb@s in the
them. The proposed model is very realistic and materialsase of(111) QW with d<90 A). Atd<90 A L,,, decreases
specific. It includes the effect of energy band nonparabolicwith the increasing carrier concentration due to the in-
ity, the anisotropy of carrier dispersion law, the multivalley crease of Fermi energy and the decrease of thermal energy
character of the constituent bulk materials, as well the retransported by the charge carriers. For lath¢d>90 A)
cently revised material parameters for the given system. Thie,;; increases with increasing This behavior is related to
scattering on both acoustic and optical phonons is taken intthe increase of degree of carrier degeneracy. The quantitative
consideration. treatment of thermoelectric figure of merit has been carried
It is shown that the dependencies of the electronic thermabut for a wide range of well width and carrier densities.
conductivity k¢ and Lorentz numbet. on the well width  CalculatedZT=0.87 in (111) QW at the optimum param-
have qualitatively different character (@00) and (111) ori- etersd=20 A andn=1.5x10' cm 2 is two times higher
ented quantum wells. 1100 QW'’s the thermal conductiv- than that in bulk but lower tha@T=1.4 in (1000 QW with
ity kipoand Lorentz numbek 4, slightly decrease with de- the same optimum parameters. The valueZ Bfcalculated
creasing well thicknessd. For d<50A L,y remains without the use of any fitting parameters, agree very well
approximately constant. I(111) oriented QW's the thermal with available experimental data for thin QW’s and with the
conductivityk$,; and Lorentz numbelk 4, strongly increase bulk value in wide wells.
with the thicknessd decreasing below 90 A. The latter has
been attributed to the lifting of the valley degeneracy and
separation of the charge carriers into two groups of longitu-
dinal and oblique subbands with very different energies. It This work was supported by U.S. CRDF-MRDA Grant
has been concluded that, in general, the valley degeneradyo. ME2-3010.
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