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A systematic theoretical analysis of electronic states and thermoelectric transport in BhTE(Rbe
quantum well structures is presented, employing more realistic well model than has been used up to now. The
carrier scattering both on optical and acoustical phonons is considered. The kinetic equations are solved using
the variational method and taking into account the intersubband transitions. The electrical conductivity, ther-
mopower(Seebeck coefficiehtand thermoelectric power factor as functions of the well width are studied for
guantum wel(QW) structures witH100) and(112) crystallographic orientations and different carrier densities.

It is found that the power factor is greater(ittD0) QW's, but the more realistic the well model is the lower the
power factor. The dependencies of the power factor on the carrier density are determined and analyzed. It is
shown that when the potential barrier height grows but the carrier density remains constant, the power factor
is decreased. However the latter may be increased by increasing the permissible carrier density. So the
expected values of the power factor for QW’s with=250 meV,d=20 A, andn=5x10" cm 2 are

175 uWcm 1K~ 2 in the case of100) orientation and 108« Wem™ K2 for the (111) one. The compari-

son with the results of recent experiments is also presented.

[. INTRODUCTION structures, is an important and urgent problem. Predictions

Interest in quantum-well structures as a new material withabout ZT in(111) and(001) oriented PbTe/PbEuTe multiple-
improved thermoelectric properties has grown considerablguantum-well (MQW) structures have been presented in
in the last years. This interest was stimulated by thelifea Ref. 12.
that it is possible to increase greatly the thermoelectric figure We have investigatéd 1 the thermoelectric opportuni-
of merit ZT of certain materials by preparing them in quan-ties of PbTe/Pp ,EuTe QW’s in more realistic models
tum well (QW) two-dimensional2D) layered structures. A than was done earlier. It was shown that one may obtain in
still more significant increase in ZT was predicted for one-(100) oriented QW's, power factor values higher than in
dimensional1D) conductors or quantum wirésThese sug- (111 oriented structures. In Ref. 16 it was taken into account
gestions were based on the theoretical results obtained féie dependence of carrier effective mass on the QW’s width.
the simplest well model; when the height of potential barriersThis effect tends in addition to decrease ZT a little.
was supposed infinite, the approximation of constant relax- Experimental investigations of PbTe/PQREuTe quan-
ation time was used and the thermal conductivity through théum wells” have shown a significant increase of the product
barriers was neglected. The main increase of ZT in theseS’ considered to be proportional to the thermoelectric
models proceeds from the large increase of the electronipower factorP=oS?, or even to ZT, whera is the carrier
density of states per unit volume that occurs when thelensity,Sis the Seebeck coefficient, ardis the electrical
guantum-well width decreases. conductivity. However, as it was demonstrated in Ref. 9, this

However, in systems with a finite height and a finite proportionality does not hold, and with decreasing well
thickness of the potential barriers the carrier tunneling bewidth ZT grows much more slowly thamS. A real increase
tween the conducting layers leads to the formation of superof the power factor was measured in the experimental
lattice states and, accordingly, the density of states decreasegork.® However, only (111) oriented PbTe/Ph,Eu,Te
This effect and especially the thermal conduction throughgquantum wells withk=0.073 were investigated. A review of
barriers tends to decrease the figure of rfiefiin compari-  the recent progress on low-dimensional thermoelectric mate-
son with that of idealized models. The effect of energy de+ials for enhanced performance is presented in Ref. 19.
pendence of the relaxation time gives rise to decreasing car- In the present work we investigate the thermoelectric op-
rier mobility with decreasing well width in 2D portunities of PbTe/Ph ,EuTe QW’s employing the most
superlattice$® and especially in 1D wiré8! leading to a  realistic well model that was used up to now. The anisotropy
further decrease of ZT. Thus, the significant increase of ZTof effective masses, the multivalley character of bulk semi-
predicted in Refs. 1-3 is changed considerably. Thereforgsonductors, the dependencies of effective masses on the well
the detailed analysis of potential thermoelectric opportunitieheight and width, the presence or the lifting of valley degen-
of QW'’s, of expected thermoelectric efficiencies of sucheracy, the effect of carrier penetration into barriers, and the
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coupling between longitudinal motion of electrons along the Further calculations will be done for the structures with
well and transversal motion across the well are taken intq100) and(111) orientations. Then for each of three consid-
account. The electronic states in QW'’s are investigated as @red regions the solution of the ScHilger equation with
function of the well width and of potential barrier height for the Hamiltonian(1) can be searched in the foffm

structures with different crystallographic orientations. The

) o ! : | i
Fermi level position and the energetic levels population are Yia(1) = xa(P) Ty (2),
determined for different carrier concentrations. The electrical
conductivity and thermopoweBeebeck coefficientare cal- r=(p,z), p=(Xy), 2

culated for the transport in the plane of QW by the Varia‘whereXH(p):S;l’Z exp(kp) is the wave function that de-

tional_ _method taking into_ consideration the intersybban cribes the free-electron motion along the &) is the QW
transitions and the scattering of carriers both on optical an

acoustical phonons. The thermoelectric power factor as area,k is a 2D wave vector, andt=(k,ky). The factor
) " . o . x{diayz(K,+ takes into account the coupling between
function of the well width and carrier density is determined Hiaizk k)] Ping

longitudinal and transversal motion of the electron. The
and analyzed. value ofa; depends on the valley position relative to the well
plane and is determined by the values of longitudinal
Il. QUANTUM-WELL MODEL my| and transversah,, effective masses of the well and of

We shall consider a quantum well formed of a thin PbTethe barrier. It results from Eq$l) and(2) that the envelope

layer of the thicknessl (denoted as region)Zsandwiched wave functionst,(z) may be found from the equations
between two layers of Rb,Eu Te (regions 1 and B8 Thus 52
the QW structure consists of three laydrs,1,2,3. The elec- —— &, +U(2)éy=[E—&(k)]&, - 3)
. ) . 2my
trons in the PbTe layer are confined to move into a rectan-
gular QW potential of finite height). The bulk PbTe and Herea denotes the number of dimensional quantization level
Ph, _wEu,Te with x<0.1 have four equivalent full valleys (the bottom of respective energy subbang (k) is the ki-
(energetic minimain L points of Brillouin zone and four full  netic energy of the electron in the laylerandE is the full
ellipsoids of constant energy that are oriented in the direcelectron energy measured from the bottom of the bulk PbTe
tions[111]. conduction band. As a result of the difference between bar-
In the envelope function approximatiofEFA), the rier and well effective masses {#¢,) the envelope func-
Hamiltonian of an electron in QW for a given valley can betion depends on the wave vectoof electron motion along
written as the layer.
Equations(3) can be solved exactly in each lay@vell

B h? > d 1 d and barriers Using the Bastard boundary conditithi.e.,
H=- 2 5 ox \m(2))ij Fy_ijr U(2), the continuity ofm, *d(In £/dz at each layer boundary, the
following equation for the energetic levels and dispersion
X = (X,Y,2) 1) law of electrons in ther subband may be obtained
1 1) il

— _ i 2A2__ ~271/
wherex andy are in-plane axes armiis perpendicular to the pd=am—2arcsifp/[ (M, /my)?A?—-p?1¥3,  (4)

QW plane. (n‘l)ij is the tensor of inverse effective masseswhere

that has the same form in all three regiohs-(,2,3) due to

identical crystal layer symmetry. In dependencezaf re- , 2mMy
ceives the barrier or well values, which must be calculated p = 52 [E—&2(K)],
through longitudinalm; and transversain, bulk effective

masses for different crystallographic orientations of the

structure.U(z) is the confinement potential of QWJ(2) Azzzmzl(u+81_E)_ (5)

=U, when|z|>d/2, andU(z) =0, when|z|<d/2, whereU h?

is the conduction-band offset between the well and barrier

materials, andl is the QW width. The axiz is measured ~ The full energy of electron i€, (k) =E,+&,(Kk), and it
from the middle of QW. forms series of minisubbands. The bottom of each subband

The validity and limitations of the EFA have been inves-E,=E,(0) is the energy of dimensional quantization, and
tigated for different materials of QW’s by comparing EFA &,(K) is the kinetic energy of the electron #th subband.
results with the calculations performed within the tight- From Eq.(4) itis seen: first, as far as the carrier masses in
binding approximatiof? and pseudopotential approachlt  the barrier are greater than in the well, and thys e, the
was shown that the EFA yields somewhat higher energiesnergy levelsE,, lower in comparasion with the case when
than the microscopic treatment, but this discrepancy is imthe effective masses should be the same; second, for slow
portant only for very narrow wells. The very good agreementcarriers(smallk, ,k,) on deep well levels the dispersion law
between the infrared transmission results measured expeib near tos,(k,,k,), i.e., it is determined by electron masses
mentally in PbTe/Ph ,E,Te MQW's and EFA calculations in the well, but for fast carriers it is near tg (ky,ky). The
established in Ref. 17 for wells larger than 20 A, confirmsdispersion law became nonparabolic, although in the bulk
that EFA calculations can be used to determine the positionsaterials it was considered parabolic.
of the subband energy levels, at least for not very narrow It is also seen from Eq$3) and(4) that the formation of
QW's. quasi-two-dimensional states is possible only if the condition
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E,(K)<U+e(k) is carried out, i.e., the full energy of elec-
tron with the wave vectok of longitudinal motion in the
subbande must be less than the energy of the electron with
the samek in the conduction band of the barrier. In the
contrary case the well cannot capture the electrons with
higher k and the discreet statesg turn into the states of
continuous spectrum.

Equation(4) was solved numerically. In order to compare N
our results with those of Ref. 17, the same appr&aualas Al T ]
used to calculate the band offsets for QW’s and also the band 2l 7 1
gaps and band effective masses foy BlEu, Te. This gave al / 1
m=0.620m;, (M, is the free-electron magsand m; i ]
=0.053n, for PbTe, m;=1.12m, and m, =0.076n, for
barrier material withx=0.073 U=171 meV), andm, dAd)
=1.4mg and m;, =0.094m, for material withx=0.098 U
=250 meV). In Ref. 25 the band parameters of BlEu,Te
were re-evaluated. This implies that the band ggp(and,
accordingly, the band offseis reduced approximately by
10%, the longitudinal masses are reduced still smaller,
whereas the transversal masses are increased by almost a
factor of 1.7. However, this increase of barrier effective
masses has influence on the transport only in very narrow
wells. As our estimations have shown,dat 20 A the elec-
trical conductivity decreases by about 20 %, the thermoelec-
tric power slightly grows, and the thermoelectric power fac-
tor diminishes by about 15 %. With the increase of the well
width these deflections diminish very rapidly. So as our cal-
culations have a model character, we have used the above-
mentioned approacH. The massesn,, my, andm, at T
=300 K were then calculated in the well and in the barrier
for (100 and(111) 2D oriented structures witk=0.073 and
x=0.098, respectively. The results are listed in Table | of
Ref. 14. In the previous papéfs'®we have used 2D para-
bolic dispersion laws with these masses for the investigation F|G. 1. (a) Quantum-well energy leveE,, E,, Ej (curves 1,
of electron transport along the well layer. But this approxi-2, and 3, Fermi levelsEg (curves 1, 2’, and 3) and the differ-
mation is sufficiently only for thick QW's. Really, the non- encesEr—E; (curves T, 2", and 3) expressed ik, T unites as a
parabolic dispersion law for each subband and for edich function of the well widthd for (100) oriented PbTe/Rb,Eu,Te
needs to be determined from Ed,). wells. (b) The same as itia) for (111) oriented wells, where the

In the present paper we neglect the nonparabolity, but weurves 1l to 8l denote the levels,, Ej, ... Eg arising from the
calculate from Eq(4) the electron effective masses,(d)  longitudinal ellipsoid along thg¢111] direction, curves J; to 3,y
andm,(d) at the bottom of the subband that are functions ofdenote the level&, oy, Ezop, @ndEsoy, arising from the oblique to
d. Just these masses will characterize the electron transport jA11] direction ellipsoids, curvesl1, 21", and 3" denote the dif-
subbands. The estimations demonstrate that this is a rathi&rencesEs—Ey and curves 4, 2;,, and 3, denote the differ-
good approximation. ences Er—E,,,. Barrier height U=171 me\=6.61K T (x

Figures 1a) and 1b) show the dependencies of the di- ~0:073), T=300 K. The levels T, 2", and 3' correspond to
mensional quantization energi&s, on well width d for U lierg:i levels in bulk PbTe; 1, 17, 17, 11, andoljéb are forn
=171 meV. Each valley forms its set of levdthe bottom _,,1 ” Cm,, 2, 2, 2%, E' bg“d 20P3f°r n=5x10" cm™= 3',
of respective subbangsin the case of100 oriented QW, 3", 3", 31", and g for n=10" cm .

Fig. 1(a), the valley degeneracy is preserved, all four ellip-

soids are equivalent, and the energy levels coincide. In thease, the mass, is greater than in th€100 one, the dis-
case of(111) oriented QW, the valley degeneracy is partially tances between the levels {fll) QW are less, and their
lifted. Therefore, it results in one set of levels arising fromnumber is greater. Since here the dependence of effective
the longitudinal ellipsoid, which is oriented along the direc-masses ord has been taken into account, and the masses
tion [111] or perpendicular to the QW plangongitudinal  increase with decreasimg the levelsgE, are lower than in
subbandy and the other set arising from three, oblique to theRef. 14. Moreover, if111) QW atd=20 A, there are not

E (koT)

O = N W b OO O N
T T T

E (koT)
O =2 N W A~ OO O N
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[111] direction, ellipsoidgoblique subbandsFig. 1(b). two, but three levels. All levels presented in Fig. 1 give rise
At very small well widthd~20 A in (1000 QW, there is  to energy subbands, and all relevant electron-phonon scatter-
only one leveE, butin(111) QW there are threds,,, E,, ing processes for both intrasubband and intersubband transi-

andE;,,. With the growth ofd these levels lower and at a tions will be considered in the study of the transport phe-
certain value ofd new levels appear. So far, as in tflll)  nomena.
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FIG. 2. Variation of electron effective masses,(d) as a func- tion of the well widthd in the first lowest subbands of QW’s with
tion of well width d in three lowest subbands of (100) QW's with Y =171 meV {=xy). Curves 1 and 3 are fan, andm, in the
U=171 meV(curves 1, 2, and)3and in four subband&urves 1, (100) well; 2 and 4 are fom, and m, in the Iowe;t oblique sub-
2', 3", and 4) whenU=250 meV. The horizontal lines note the Pand of the (111) well; curve 5 is fam, andm, in the lowest
value of effective masses in the barriers. longitudinal subband of the (111) well.

The results of the calculation of the Fermi enerigy tion into the barrier. At very smalll, practically the whole

dependence on the well widthat fixed electron density in Wave functioné,(2) is in the barrier. With increasind the
QW and the Fermi energies of bulk PbTE2, for three ~Wave functioné, (z) becomes more and more localized in the

different densities, are also shown in Fig. 1. The Fermi enell and the mass more and more close to well mass. The

ergy grows with the decreasird) however, this growth is S&me dependencs; ,(d) is observed for the rest of the sub-

not as sharp as fdE, . Therefore, fo100) QW’s the quan- nds. _ _ N

tity Er—E, that determines the degeneracy degree of 2D It is interesting to note that with a precision of several

carriers in the respective subband, is lower than respectie€'cents the effective mass for any well widthmay be

bulk E2 in the whole interval ofd. There is also a large calc_ulated as the mathervveﬁncal eégectatlon of the well and

domain of parameters whekg-—E; <0, and the difference barrier effective massesy™ andm;™,

|EF—E,4| increases with the decreasedfSuch behavior of

Er—E, is determined by increasing the density of states.
In the case of111) QW's, the situation is more compli-

cated because even at smdlithere are three levels. The P :Jd’z

differenceEr—E;, is close to bquEE. Only at very small “

d, Ef—E; isless tharEE. However, for oblique subbands

Er— Eyop is much lower tharEg — E;; due to higher position WhereP,, is the quantum-mechanical probability to find the
of oblique subband than in longitudinal one. electron in the well. The increase of potential barrier height

On the base of Eq4) we have calculated the 2D spec- leads to the increase of effective masses as a result of barrier

trum of electron<t,(k) in (100) and(111) QW's for several ~Masses increasing.
lowest subbands. It was found that for each band the spec-
trum £,(K) is near parabolic with some new effective masses Ill. THERMOELECTRIC TRANSPORT

m,,(d), my,(d) that depend on well width, on the subband , i i
number, and on the height of barrier potential. Now we shall consider the carrier transport in the QW

Figure 2 shows, as an example, the dependence of elefnodel, presented in Sec. II. We are interested in the transport
tron effective masses,,, on well width d in three lowest along the QW. Therefore, let us suppose that a weak electric
subbands 0f100) QW's with U=171 meV and in four sub- field E and a weak tgmperature gradievi are applied
bands forU =250 meV. It is seen that whahdecreases the along the well, qnd7T is paral_lel to_E. In the general case
well masses in all subbands tend to barrier ones. At fixed € current density can be written in the form
the effective mass is greater in higher subband. N .

Figure 3 shows the variation of relative electron effective J=0E—(aSVT, (6)
masseg m;(d) —m;]/m;, wherei=x,y, in the lowest sub- . -
bands for(100) and (111) QW’s with U=171 meV. It is whereo andS are the tensors of electrical conductivity and
seen that with decreasirgjthe massesn,(d) andm(d) in of thermopowe((Seebeck coefficiepnt res_pectively. In the.
the longitudinal subband afL11) QW grow weakly enough Mmultivalley semiconductors the current is a sum of carrier
because they are already close to barrier masses, but in tegrrents from different valleys, so that
(100 QW and in the oblique subband ¢I11) QW, these
masses grow considerably. This growth of effective masses - _2 ~
is connected with the penetration of the electron wave func- T T

Mio(d)=P,m""+(1—P,)mP?",

|£.(2)|%dz,

(0S)=2, (09)". @)
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Let us further consider one valley omitting index In nal and transversal motion of carriers, a supplementary item
order to determine the kinetic coefficients, it is necessary tgroportional toa,, has appeared in the exponent expression
deduce the system of kinetic equations for the nonequilibrunfrom Eq.(11). For oblique subband, # 0, and the maximum
distribution functiond, of electrons with the 2D wave vec- value of the form factot,,=1 is achieved not aj,= 0, but
tork, k=(ky,ky), in the ath 2D subband deriving from the at a larger value|,=a,(q,+ qy). The increase, characteristic
vth valley. In Ref. 15 we have taken into account the con-for scattering values ofj,, leads to decreasing scattering
duction only in the lowest subband in the case(d00)  probability on LO-phonons. In the case of scattering on DA-
QW'’s, or in the lowest longitudinal and oblique subbands forphonons this effect is small because of the quasielasticity of
(11) QW’s. Here more subbands and also intersubbandcattering processes.
transitions are considered, so that the problem is more com- The kinetic equations were linearized in weak field by the
plicated. To deduce the kinetic equations we used Keldysh’substitution
diagram method® which is very convenient in this case.

Here we shall note only the peculiarities of this deduction. In fra=fry— Pradf S IE (K), (12
spite of the fact that the Hamiltoniafd) formally is not a o - o o o

sum of the Hamiltonians of longitudinal and transversal carWherefy, is the equilibrium Fermi-Dirac distribution func-
rier motions, it is possible to obtain the kinetic equation fortion, and ®,, is a new function, which characterizes the
f., in a well model with sharp boundaries due to the com-deflection of nonequilibrium distribution function frorhfﬂa.
pleteness and orthonormalizing properties of the functionThe linearized equations were solved by the variational

systemsy,(p) and expia,z(k+k,)1£,(2) apart. method, using for the variational function, the expres<iéh
Further, so far as the functigp(p) satisfies the equation,
2 n
_ E.(K)—¢ o
E =1V ) xlP) = E(K) xi( ), Cpo= 2 2 Kiin| = |+ I=XY (13
=1 n=0 0

it appears in the left part of the kinetic equation the velocity o .

of the electron with the dispersion laf,(k) in the ath ~ Wherez;, are the parameters to be varigdis the chemical
subband. The presence of the factor [exp(k+k,)] has in- potential kg is the Boltzmann constanti, is the temperature,
fluence only on the form-factor expression in the collision@ndx” andy” are the axes of the local coordinate system
integral. Thus, one can obtain the kinetic equationsffgr ~ connected with the principal axes of the ellipse of constant
that look like Boltzmann equations with the collision inte- €N€rgy&.(k) for a separate valley. Taking into account
grals of the form(the intervalley scattering is neglected  that the current density in the given valley is

2 2e ﬁfka
|ka:7% fde(zg“aﬁ(Q)lz[N(w)fquﬁ(l_fka) JZ_v% vkaq)kam- (14)

—[N(w)+1]fi (1= fy_gp) Il w—E(K) + Eg(k—0)] and thermining the parameteys, , one can obtain the con-
ductivity and thermopower tensors

X[d(w—wqg)— dw+ wg)]. (8
Here Ag is the electron-phonon matrix element. For Oij =g? z X! i(LHm)—lxjmj , (15)
QW's larger than 10-15 A, the phonon confinement can be igjpnm 1 .

neglected and the phonons can be considered as in the bulk

PbTe. Therefore for the interaction with longitudinal optical _ iy —1ymt1
(LO) phonons, one can put (7S);j —ekoil%m X (Lam) X (16
AS=2me’khwq/(VQ?), k=e '—gy" (9)  where

and for the interaction with deformation acousti¢&lA) _#\n

honons, respectivel x":E > ki AL (E“(k) d (17)
P » [ESPECvEL., 17V & UkegE (0| T KkgT )

A%=1nQl(2Vps), (10
1 JE(k

wherewg andN(w) are the phonon frequency and phonon Vkia= 7 a‘i ),

distribution functions,Q is the 3D phonon wave vecto® ]

=(0,9,), V is the volume of the systeng is the electron

charge, n» is the deformation potential constary,is the Lil — 77 2 A2|I (Q)|Zsinh‘2(ﬁﬂ)

sound velocityp is the mass density, ang) ands., are the "M BKOTV s Qlfap 2koT

static and high-frequency dielectric constants, respectively.
The scattering form factor in E8) is given by

0 _ <0 ,Eﬁ(k')_§>n (Ea(k)—g”)”
X(fklﬁ_fka)|:ki ( kOT _ki kOT

Q= | dagi@e Ao Vg ) { Esk)—¢|™ | [Eal—¢|"
XKJ,( koT )_<akT )
0 0

J

It is seen that in multivalley low-dimensional semicon-
ductor structures, due to the coupling between the longitudi- X 6[hwg—E.(K)+Eg(K')] (18
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and Q=(k—k’,q,). It is easy to see that in the coordinate In the case of scattering on DA phonons, the imaginary
systemx”, y”, the matrixXj; is the diagonal, and in the part of the polarization operator was presented in the form
approximation of the parabolic dispersion law, used later, )
_ 32,2 21,2 n : w
when_Ea(k)—_ﬁ kx/2mxa+ﬁ ky/2my,, Xj; ar_e proportional Im 1, 4(q wQ):__(l_e—th/(koT))E fEa
to unity matrix. The matrices of transport integrél$,, are Sw K
also diagonal relative to indiceisand j. As a result, the
tensorsoj; and (0S);; are reduced to principal axes. x(1= fk+QB) Afiw+El (k) —Egk+a)].

For the calculation of the conductivity tensor, it is enough (23
to keep in the sums on andm, only one item withn=m _ o o )
=0. This means that in E413) only two variational param- We used the quasielasticity of scattering in the considered

eters are used. Note that the increase of the variational p#dterval of room temperatures and carried out the expansion

rameters number leads to the corrections smaller than 5—7 %8N (Awq/KeT) <1, assuming a linear dispersion law for DA

Then, taking into account that phonon frequency do=sQ). After the integration with re-
spect toq,, we obtained

koT n,
XSEXOI_ 0 2 vme,my, ( ) 7 A1 21h 7>
mh?d (‘Tii ) Y5 2 oo Z aB E fka
(19 e’n’ps?dS, daB Sw K
whereF () is the Fermi integral of zero index amd is the X (1- fk+q,a) NELK) —Egk+a], (24
bulk density of electrons imth valley, we obtain from Egs.
(15) and(18) where the form factor
! 2e’n%koTd Qap 2koT

does not depend on the wave vedja@f longitudinal phonon
Al p(QIPIM T 45(q, 0q), (20 motion. _ _

) ) ) ) When both scattering mechanisms on LO and DA
where ImlII,4(q,q) is the imaginary part of the polariza- phonons are considered it results in one vaﬂe'm the local
tion operator coordinate systemx”, y*, (o) =(05°) "+ (oFM L.

Note that the tensors;; are dlagonal, but the in plane of QW
IT,4(q, wQ)— E [(f2, fg+qvﬁ)/(ﬁw+ E (k) 2D valley conductivitiesr,,,, and a‘y’,yu are different. Now
it is necessary to lead the tensarg to a certain definite
—Eg(k+q)+id)], coordinate system, y, connected with the QW and to sum
up these conductivity tensors of all four valleys. Hence it
5—07. (21)  follows thato is a diagonal tensor with equal components,

_ _ _ i.e., o is a scalar. This is the consequence of cubic symmetry
HereS, is the area of QW. Let us note that if the anisot- of initial materials. Thus, fof100) QW

ropy is neglected, expressi¢R0) coincides with the respec-
tive expression of Ref. 29, where was obtained in the O 100= 2(0”ny+ o;yyv) (25
frame of balance equations of transport theory. If electron

gas is considered pure 2D (;=1), expressior(20) agrees and for(111) oriented QW

with the results of Ref. 3Qwhen, in the latter, the dynamical 3
screening of the electron-phonon and electron-electron inter- O1= 0 = (U Yt ol
actions is neglected.

Further simplification of Eq(20) depends on the type of \here, is the conductivity of longitudinal subbands.
phonons. In the case of LO phonons, we hay€ - Neglect- The expressions fos cannot be calculated analytically.
ing the phonon dispersiomq=wo, and integrating o,  The results of numerical calculation efare shown in Fig. 4.

L), (26

we obtain The values of parameters were taken from Ref. 31. The scat-
2t tering both on optical and acoustical phonons was taken into
2 A2|I 2= TE KhwWo (9) (22) account. It is found that, in the considered temperature range

o Svq A (T=300 K) the main contribution tar comes from the

scattering on optical phonons, although the scattering on
acoustical phonons cannot be neglected, so the contribution
of the latter is of the order of 20—30 %.

where form factor

Faﬁ(q):f leJ d2,6%(21)€4(2,) All subbande of dimensional qg_antization, and aII_ intra-
subband and intersubband transitions were taken into ac-
X e dn 2l FiRaG(B 2 g (7)) (2,) count. Note that earliét we had used a more simple ap-

proximation: although for the calculation of the Fermi level
also can be calculated analytically, however this expressioall subbands were taken into consideration; for the electrical
is very cumbersome and we do not show it here. conductivity it was assumed that the electron transport oc-
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25 ' more from longitudinal to these subbands, due to much
& higher density-of-states. But in these subbands the effective
masses are greater and the mobilities are smaller. Therefore
o111 decreases with the increasidgThe rise of the potential
barrier leads to the rise of oblique subbands and, as a result,
to the growth of electron population of longitudinal subbands
with high mobilities. Accordingly, in spite of several in-
§ creases of effective mass; 4 rises. This effect is more im-
portant at smaltl and higher carrier density.

As is seen from Fig. 4, the highest conductivities aieg;
at smalld, but whend grows, botho ;oo ando1; tend to the
same value at a given carrier density. It is found thad at
>100 A the intersubband transitions and the transport in
higher subbands becomes important. In this region of QW
thickness the conductivity depends very slightly on the ori-

FIG. 4. Calculated electrical conductiviiese of  entation of QW, on the potential barrier height, and on QW
PbTe/Ph_,Eu,Te quantum wells as a function of the well width  thicknessd itself, tending with the growth ofl to its bulk
for (100) oriented QW’sgqo (curves 1, 1, 3, 3, 5, and 8) and  value. Note that the numerical calculations were carried out
for (111) oriented QW’s,o;4; (curves 2, 2, 4, 4, 6, and 8). for d>20 A . For smalled the penetration of electron wave
Potential barriet) =171 meV &=0.073) for the curves 1, 2, 3,4, function into barrier becomes very large and it requires tak-
5, and 6, andJ =250 meV &=0.098) for the curves’] 2', 3", ing into account the scattering of carriers in barriers on alloy
4', 5', and 6, T=300 K. Curves 1, 1, 2, and 2 are forn potential too.
=10"% cm 3 3,3, 4,and 4 forn=5x10"® cm 35,5, 6, and
6’ for n=10"° cm 3.

o (103Q 1cm™1)

20 60 100 140
d(d)

IV. THERMOELECTRIC POWER
curs only in the one lowest subband @00 QW or in the
two lowest subbands fof11l) QW. The comparison of re-
sults shows that this approximation is rather good for thin
wells withd~20 A .

In order to determine the thermoelectric power tensor
(Seebeck coefficientS;;, the tensor ¢S);; [Eq. (16)] was
calculated. The kinetic equations were also solved by varia-
As is seen from Fig. 4, when the well widthdecreases, tional _method, using the varlatlon_al functlom)_, but in this

case, it needs to take two terms in the sunnan Eq. (13).

o100 decreases to@urves 1, 1, 3, 3', 5, and 3) although . X : A
the density-of-states per unit volume increases. This beha\;l:hIS means that for the calculation &, four variational

ior of o4g9is determined by the decrease of carrier mobility parameters are used. Accordingly, in the sums andm in

caused by the increase of the phonon wave vector regioﬁqs'.(la a_nd(16) the terms withn,m=0,1 were taken into
consideration.

involved in the scattering processes. Namely, in the 2D case, In the matrices of transport intearals. additional compo-
the energy and momentum conservation laws do not impose i i P grais, i P

i : : i
restrictions on the projectiog,. However, due to the pres- nentsloy, Lio, L1 appeared, .Wh'Ch unlike theg, are
ence of the form factor in the collision integral, it follows expressed not only by the imaginary part of the polarization

that the phonons witly,< 1/d are important for the scatter- operator(21), but also contain more complicated structures

ing. Therefore, with decreasing the scattering probability With k" under tj“? symbol of summation in E1). The
increases anero, decreases. The increase of the carrier ef€Xpression foiSj; is rather cumbersome and cannot be pre-
fective mass with the decreasecbélso leads to the decrease Sented here. Note that due to cubic symmetry of initial bulk
of o199. On the other hand, with decreasirdy (for d materials the tensd becomes a scalar, which is noted &y
<40 A) the penetration of carrier wave function into bar-  The results of the numerical calculation®#s a function
rier becomes more and more important, the wave functioof well width d for (100 and(111) oriented QW's §;90 and
becomes less and less localized, the effective well widt5;;11) are shown in Fig. 5. It is seen that the highest values of
grows and the decrease af,, becomes less sharp. The in- Sare reached 1100 QW's at smalld. Whend increases,
crease of potential barrier height leads to the decreasg,gf the bottom of the energy subbanés, lowers, the Fermi
(curves 1, 3', and 5), determined by more localized elec- level Er lowers too, but more slowly, due to the decrease of
tron wave functions in deeper potential well and by thethe density-of-states per unit volume. The differengg
growth of effective mass, although first cause is more impor—E,|, which influence significantly the values 8, di-
tant. When the carrier density rises,g, grows slightly more  minish, and therefore, with increasing, S;o, decreases
rapidly than in the 3D case, but in all QWes o is less than  (curves 1, 1, 3, 3', 5, and B8). The growth of the potential
in respective bulk material. barrier from 171 meV to 250 meV has a small influence on
In the (111) QW's there is another situation. As the cal- S;qp.
culation of band population shows, in very narrow QW’s In the (111) QW'’s, as was mentioned above, at snll
with d~20 A, the main contribution to conductivity comes the lowest longitudinal subband is mainly populated and the
from the lowest longitudinal subband with small effective most important contribution i§;;, comes from this subband
masses and high mobilities. Accordingty,; is higher than  with low density-of-states. Therefor&,,, is less thanS,qq
o100 (Curves 2, 2, 4, 4, 6, and 8). Whend increases, the (curves 2, 2, 4, 4, 6, and 8). Whend increasesS;;;
obligue subbands lower, and the electrons pass more artecreases in the beginning at smdjlas S;oo. However,
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S (WVK1)

d@A)

FIG. 5. Calculated thermoelectric pow&of PbTe/Ph_,Eu Te
quantum wells as a function of the well widthfor (100) oriented
QW's, Sgo (curves 1, 1, 3, 3, 5, and 8) and for (111) oriented
ones, S;;; (curves 2, 2, 4, 4, 6, and 6). Potential barrierU
=171 meV &=0.073) for the curves 1, 2, 3, 4, 5, and 6, dud
=250 meV &=0.098) for the curves 1 2', 3', 4’, 5’, and
6', T=300 K. Curves 1, 1, 2, and 2 are forn=10'® cm3; 3,
3', 4, and 4 for n=5%10"® cm™3; 5, 5, 6, and 8 for n

=10 cm3.

with futher increase ofl, a weak growth 05, is observed,
caused by the transfer of electrons from longitudinal su

function of well widthd. The data are presented for wells
with potential barrier heightsU=171 meV and U
=250 meV and for several values of carrier density. It is
seen that for decreasimythe power factor increases and this
growth is more pronounced at smdll In (100) QW'’s, due

to higher values of5, the power factor $20) oo iS higher
than (S?0),4, in spite of lower conductivity. Nonmonoto-
nous dependencies 6fo ond arise from the peculiarities in
the behavior ofr andS as functions ofi, and are connected
with the appearance of new subbands disposed near to the
top of the potential barrier or close to the continuous ener-
getic spectrum along thedirection. Near these values df

the criterion of calculation is broken, so in these cases the
continuous spectrum needs to be taken into consideration
too. The latter becomes more important at higher carrier den-
sity n when populated subband states arise near the continu-
ous spectrum states. If in the calculation the continuous spec-
trum is taken into account, the nonmonotonous behavior of
o, S andS?e at highn would disappear. At the same time at
larged the conductivityo would grow slightly faster, while

S and S?o would decrease a little faster, whenincreases,
especially at higher carrier densities, tending to the respec-
tive bulk values. But for very narrow wells witti=20 A,

pwhen the bottom of the first subband in (100) QW and of the

bands to oblique ones, in which the density-of-states is mucf{'St oblique (the highest subband in (111) QW, is at least
higher. At d>100 A, the thermoelectric power depends 2KoT lower than the potential barrier heigbt and for car-
very slightly on QW orientation, on the potential barrier "i€r densities such that the Fermi levet is at least &,T

heightU, and on QW thicknesd, tending at very large to

its bulk value.

V. THERMOELECTRIC POWER FACTOR

The above obtained values of conductivityand Seebeck
coefficient S permit us to calculate the power fact6fo.
Numerical results for $207) 00 and (S?c) 414 for (100) and

lower thanU, the contribution to the transport of the continu-
ous spectrum may be neglected. In this case for QW with
U=171 meV, the highest admissible carrier density is near
10*° cm™3. At this density §%¢)190=115 uW/cmK? and
(S?0)11,=86 uW/cmK?. These values practically coincide
with those, which were calculated in Ref. 16 in the approxi-
mation, when only the lowest subbands were taken into ac-
count, confirming that this approximation can be applied.

(111) oriented QW's, respectively, are shown in Fig. 6 as alhese values ofS’c are considerably higher than the

8% (pWem™1K™?%)

0 Co I

20 60 4 100 140

FIG. 6. Thermoelectric power fact®o of PbTe/Ph_,EuTe
quantum wells as a function of the well widthfor (100) oriented
QW's, (S?0) 100, (curves 1, 1, 3, 3, 5, and 8) and for (111)
oriented ones, %), (curves 2, 2, 4, 4, 6, and 8). Poten-
tial barrierU=171 meV (=0.073) for the curves 1, 2, 3, 4, 5,
and 6, andJ =250 meV &=0.098) for the curves’l 2', 3', 4',
5, and 6, T=300 K. Curves 1, 1, 2, and 2 are forn
=10"® cm 3, 3,3, 4,and 4 forn=5%x10® cm %; 5,5, 6, and

6’ for n=10"° cm 3.

measuretf value of 38 W/cmK? in the best bulk PbTe at
optimal densityn=6x10'® cm®, and are also higher than
the calculated value for large welld~150 A, andn
=10" cm 3, which is a little less than 6QuW/cmK?. The
enhancement of the thermoelectric power factor obviously
demonstrates the effect of quantum confinement.

It is of interest to compare calculated valuesogfS, and
S?o with those that were measurédn PbTe/Ph_,EuTe
(111 QW's with x=0.073 U=171 meV) at 300 K. We
shall not discuss the sample No. T-225 with very high con-
ductivity, which is 25% greater than the calculated one. An-
other eight samples may be divided into two groups: four
samples with narrowd~20 A QW’s and four samples
with “large,” d~40 A, QW's. For the first group, the cal-
culated conductivities*®' are greater than the experimental
onesc®* on average by 50%. It is natural because not all
scattering mechanisms were taken into consideration. As a
result of the overestimation af°®, S°@' are smaller than
S** on average by 4%, but this deflection is in the limits of
measurement error. Calculated power factors are greater than
experimental ones on average by 25%. Thus, the theoretical
data agree very well with experimental ones. For other
group,c°®' are greater than®* on average by 20%5°2' are
greater thar$®* on average by 50%, an®{o) ¢ are greater
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2200 ——— —— conductivity in superlattices has also been observed
L e experimentally*>2® Thus we can expect that the thermal con-
TE 3. ductivity of thin QW’s will be smaller than that of bulk
K 150} 1 material.
2 ' Finally we note that if one takes the value @{;T
o T =0.78 or maybe 1.23 obtained in Ref. 18 for
‘/,.4/“’ 1 PbTe/Pb_,EuTe (111) QW’'s with U=171 meV, d
L =20 A, n=1.1x10" cm 3, we expect to obtain for
(100) QW’sZ,p T values of the order of 1.1 or even 1.7, or
slightly greater for QW’s with higher potential barrier and
higher electron concentrations, but not so high as was pre-
N dicted in the first publications?
1 2 3 4 5 6 7
n (10" em™)
FIG. 7. Thermoelectric power fact@o of PbTe/Ph_,EuTe VI. CONCLUSIONS

quantum wells as a function of carriers concentratiofor (100) ) ) )

oriented QW's (curves 1 and 3) and for (111) oriented ones 1hermoelectric  properties of n-type multivalley
(curves 2 and 4)d=20 A, T=300 K. Curves 1 and 2 are for PbTe/Ph_,Eu,Te quantum wells are investigated theoreti-
U=171 meV &=0.073); curves 3 and 4 are forU cally. The results for electrical conductivity, thermoelec-
=250 meV K=0.098). tric power S, and thermoelectric power fact&o reported

than (820)¢* on average by 170%. The data agrees les dn this paper, extend previous investigations to a more real-

apparently, because ned=50 A a new subband close to Istic well model, higher carrier concentrations, and larger

the height of the potential barrier appears, and the calculav-ve”S' It is shown that with decreasing well width the

tions are less precise for thi(the continuous spectrum was effective masses in .the well increase and tend to barrier
not taken into accoupt masses. The 2D carriers energetic spectrum and thermoelec-

When the potential barrier height grows frory tric transport is calculated taking into account this effect.
=171 meV to U=250 meV, andn remains fixed, the [ntrasubband and intersubband scattering both on acoustical
power factor diminishes, as is seen in Fig. 6. This effect isahd optical phonons is considered. The kinetic equations are
determined by the diminution of and S, caused by more Solved by variational method and analytical expressions for
localized wave functions in a deeper potential well. But inelectrical conductivity and Seebeck coefficient are obtained.
deeper wells the possibility of raising the optimal carrier Numeric calculations are made for structures with (100) and
density appears. Figure 7 shows the results of the powe(l11) crystallographic orientations and different carrier con-
factor S?¢- calculation as a function of carriers density for centrations.

(100 and (112) oriented QW's withU=171 meV andU It is shown that for (100) structures; o, decreases with
=250 meV, respectively. The well thickness is taken equatlecreasing well widthd, but S,oq and (S?c) 14 increase. In

to 20 A for which the greatest increase $fio is achieved. the case of (111) orientationr,;,; grows with decreasing
For n=10'® cm™ 2 the growth ofS?c is especially sharp. d, S;;; at first slightly decreases and then increases for the
With the further increase ofi when the effect of carrier smallest width, and 20,1, grows. The power factor is
degeneration begins to manifest itself, the growttSd§ is  greater in (100) oriented quantum wells than in (111) ones
reduced, but it lasts up to~10°° cm 3. For higher densi- in the whole interval of variation ofl. Calculated values of
tiesn, whenU=250 meV, or forn>10 cm 3, whenU electrical conductivity, thermopower, and the power factor
=171 meV, the theory is not applicable, since the carrierare in good qualitative agreement with the détaeasured
continuous spectrum becomes important, and it was nah (111) multiple-quantum-well structures withx
taken into consideration. As Fig. 7 shows, the expected val=0.073 U=171 meV), d~20-23 A and n~6x10'8

ues of the power factor fo =250 meV,d=20 A, and —1.1x10" cm 3. At very larged the values ofs, S and
n=5x10* cm® are (S?0);00=175 uW/cmK?® and S?¢ do not depend on well orientation and tend to values for
(S?0)11,= 108 wW/cmK?, which are, respectively, 4.6 and bulk PbTe at given carrier concentration

2.8 times higher than the above-mentioned best bulk PbTe The increase of the potential barrier heighgive rise to
value, or 3.1 and 1.9 times higher than the calculated valuthe decrease of the power factor, mainly because of the more
for large wells with d~150 A, U=171 meV, andn localized carrier wave functions in a deeper quantum well. It
=10 cm 3, or 1.5 and 1.3 times higher than respectiveis shown, that in this case, the possibility appears to increase
values ford=20 A andU=171 meV. These results look the permissible carrier concentration. Thus fdd

very promising. =250 meV the concentration may be raised up to nearly

Unfortunately, we can not evaluate here the thermoelecl0?® cm 3. The expected values of the power factor for
tric figure of meritZT=S?¢T/k, because the thermal con- =5x10° cm™® and d=20 A  become £0)1pg
ductivity « of the structure with QW or even that of the QW =175 pW/cmK? and (S%¢) (111y= 104 pW/cmK?, respec-
itself was not calculated. This problem is rather complicatedively, for (100) and (111) QW'’s. Possible values of the
and, to our knowledge, it is not yet solved. Theoreticalfigure of merit are also discussed, and it is predicted that they
investigation&>* have shown a decrease of thermal con-could achieve 1.41.7 in (100) oriented QW’s. Unfortu-
ductivity of superlattices. A reduction of the in-plane thermalnately, more precise predictions about the values of the fig-
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