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A theoretical investigation of the recently observed enhanced thermoelectric [®imef111)-oriented
n-type PbTe/Ph ,Eu Te multiple-quantum-wellsX=0.09) has been carried out, including both longitudinal
acoustic phonon deformation potential scattering and polar optical phonon scattering of the two-dimensionally
confined electrons in the quantum wells. An enhancemer$ is observed experimentally and predicted
theoretically, despite the lifting of the conduction band valley degeneracy, and an excellent agreement between
the experimental and theoretical results has been obtained over a wide temperature range (80—400 K). In the
low temperature regime~100 K), the polar optical phonons are found to be more effective in scattering
carriers in the obliqué&-point valleys than in scattering carriers in the longitudibngdoint valley, making the
resultingS somewhat suppressed in this temperature regime. In the high temperature regd®@ K), the
polar optical phonon scattering generally contributes to incresSitige to the particular shape of the distri-
bution function associated with it. It is emphasized that our theoretical model requires virtually no fitting
parameters. The excellent agreement between the theoretical and experimental results suggests the validity of
our model of enhanced thermoelectric figure of merit in two-dimensional structures and the reliability of the
values of the parameters for the superlattice deduced from other independent measurements, such as Hall
carrier concentrations and band energy gap6163-182@09)07243-4

[. INTRODUCTION latter point was inconsistent with the observed enhancement
in the thermoelectric power in the PbTe/PhEu Te MQW
There has been considerable interest in the thermoelectr&ystem grown by Harmaet al®>* The main discrepancy
properties of low-dimensional systems, such as two<omes from the fact that some parameter values used in
dimensional quantum wefis'® and one-dimensional quan- Broido’s work (such as the barrier height for the PbTe quan-
tum wires® 2% since Hicks and Dresselhaus predicted thatum well) were not appropriate for describing the specific
the thermoelectric figure of meritZ(T) for such low- properties of the samples grown by Harmetral 2 Thus, it
dimensional systems should be substantially enhanced rel@as not been possible to make a direct comparison between
tive to the corresponding bulk materials as the size of théhe theoretical results by Broidzt al** and the experimental
sample is reduced to the nm (or A) rang@.This idea results by Harmamt al® and Hickset al’
was first demonstrated experimentally by Harmemnal® In the present work, we address the issue why the ther-
and Hicks etal® using MBE grown (111)-oriented moelectric power im-type (111)-oriented PbTe/Ph ,EuTe
PbTe/Ph_,Eu,Te multiple-quantum-wel[MQW) samples. MQWs is enhanced in spite of the lifting of the conduction
The observed enhanced thermoelectric properties in this syand valley degeneracy in this system. Specifically, we per-
tem was first interpreted in terms of the constant relaxatioriorm a detailed theoretical investigation of the Seebeck co-
time approximation(CRTA), assuming various values for efficient (thermoelectric powérin Pb/Ph_,Eu,Te MQWs
the ratio of the carrier mobilities between the longitudinalusing the most appropriate as well as the most updated band
valley and the oblique valley® Recently, Broido and Rei- parameters and carrier concentrations to describe the proper-
necke performed calculations of thermoelectric transport coties of sample T-225 in Ref. 3, so that a direct comparison
efficients for the(111) oriented PbTe MQWs at 300 K by can be made with the experimental studies. For example, the
solving the Boltzmann equation numerically, including bothEu content for sample T-225 in Ref. ¥£0.073) is now
elastic and inelastic scattering mechanisms explicitly, but asdpdated to a new value=0.09 according to the most recent
suming a parabolic energy dispersion relation and using thdata for the lattice constant as a function &f for
approximation of isotropic constant energy surfaces. Theyh,_,EuTe alloy$® and the x-ray data for sample T-225.
pointed out that the Seebeck coefficient for the PbTe MQWOther improvements in our models over the ones by Broido
samples should be largely suppressed due to the lifting of thand Reinecke include consideration of the effects of the non-
valley degeneracy between the longitudinal and oblique valparabolicity for the energy bands and of the anisotropic con-
leys in (112)-oriented PbTe MQW sampléé However, this  stant energy surfaces. The effect of the anisotropic constant
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energy surface is taken into account by retaining up to the 2

second order term in the Legendre polynomial expansion of S(k,k")= 7|<k'|H'|k>|25(Ekr—Ekiﬁw), (4)

the perturbation functiowb (k) as we will discuss in the text.

It should be noted that all the parameters used in this StUdWherew is the phonon frequency and the p|us and minus
are readily available in the literature in terms of the bandsigns in thed function stand for the phonon emission and
parameters for bulk PbTe(Ref. 2) or Ph_,EuTe  absorption processes, respectively. The explicit expressions
alloys?*~2* Thus, our theoretical analysis requires virtually for the squared matrix elemelik’|H’|K)|? for the case of a

no fitting parameters, except that the number of carriers ifhree-dimensional isotropic crystal are given elsewhere for
the sample has to be determined by an independent expetjarious scattering mechanisrfs?®

mental technique such as a Hall coefficient measurefhent. | the present work, we consider the scattering of the
We believe that such investigations should be of great Va|UﬁNo-dimensionaIIy confined electrons due to the three-
not only for acquiring a firm understanding of the physics ofgimensional phonons to model the transport coefficients for
the low-dimensional transport phenomena, but also for dethe two-dimensionally confined electron gdsVe note that
veloping an innovative strategy for designing even bettely state for a two-dimensionally confined electron can be
thermoelectric materials in the future using low-dimensionalspecified by an in-plane wave vector, whereas a state for

structures. a phonon is specified by a three-dimensional phonon wave
vector g, which will be decomposed into an in-plane com-
Il. THEORY ponentq and a perpendicular componemy for our conve-
. , nience in carrying out the calculation. The scattering mecha-
A. Solution of Boltzmann equation nisms explicitly considered in the present work B

The nonequilibrium distribution function for electrons in !OngitUdinaI acoustic phonon_ deformation poter_ltial scatter-
an electric fieldE is obtained by solving the Boltzmann ing (LADP) and (2) polar optical phonon scattering?Op.

equation These are the two main scattering mechanisms dominant in
bulk PbTe from relatively low 77 K) to relatively high
df(k) eE temperatures¥400 K).2!
ot~ 7 V(K +acf(k) =0, 1) Assuming that the overlap integral for the lattice part of

the Bloch function is equal to unitiplane wave approxima-

wheree is the electron chargé, is the Planck constant di- tion), the squared scattering matrix elements for the two-
vided by 2k is the electron wave vectof(k) is the non-  dimensionally confined electrons due to the above mentioned

equilibrium electron distribution function, ang f(k) is the  Scattering mechanisms are expresséd as
collision term defined by

hE%kgT (=
" M= 2| let@n Pdaat -~k =a)
&Cf(k)=—(873)f[f(k){l—f(k’)}S(k,k’) (5)
— (k) {1—F(K)}S(Kk' k)] dk'. ) for the LADP mechanism and
Here, V. is the sample volume an8(k,k’)dkdk’ is the e’hwg

scattering probability per unit time that an electron within an |<k|i|H5p|k\l>|2= A7 A
infinitesimal volumedk aroundk will be scattered into an
infinitesimal volumedk’ aroundk’ in k space. Since the
distribution functionf (k) reduces to the Fermi-Dirac distri- X
bution function fo(E,) =[1+exp{(Ex—{)/kgT}] ™! in the
limit of E=0, andS(k,k") and S(k’,k) have to satisfy the for the POP mechanism wheEg,p, v, .. , €5, o, andn(wg)
following relation: are, respectively, the acoustic phonon deformation potential,
the density of the sample, the speed of sound, the high fre-
fo(E){1—To(Ex)}S(K,k") = fo(Ex){1—fo(EW)}S(k’ k) guency dielectric constant, the static dielectric constant, the
B optical phonon frequency, and the occupation number
=0, 3 n(wo) =[expfiwy/kgT)—1]"1 for phonons with frequency
wqg. HereG(q,) is defined by

1 1)J°€ G(ay)|*dg,

€ €s] )= |q?+q;

11
S(kj—kj*ap (6

n(w0)+ EIE

which will be used to expresS(k’,k) in terms ofS(k,k’).
For the case of a two-dimensional electron gas which we will .

consider in the present work, we substitéé=? for the G( ):J *(2)el92y (7)dz 7)
factor V /872 in Eq. (2), whereA is the area of the sample, d _mlﬂz v

and the integration is carried out over two-dimensiokal ) ] o ]
space. wherey,(z) is the normalized wave function in the confine-

ment direction ¢ direction that is obtained by solving the

Schralinger equation for a square well potential. It is noted

that the elastic approximatiorE(=E,,) and the high tem-
The scattering probability per unit time(k,k") is given  perature approximation for the number of phonor(sv)

by the Fermi golden rule =kgT/hw are used to describe the acoustic phonon scatter-

B. Scattering probability
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ing [see Eq. % However, the full inelastic scattering scheme tial using the empirical relatioA E./AE,=0.55 whereAE,
is utilized to describe the optical phonon scattering, as iss the conduction band offset ankE is the difference in

discussed in the next section. band energy gap betweenPhEu,Te and PbTé3 The non-
parabolicity of the energy dispersion relation for the confined
C. Thermoelectric power electronic states is taken into account using the form

21,2 _ -~ — 26 ;
Once the nonequilibrium distribution functidifk) is ob- 7 K/2m* =E(1+aE)=y(E),” whereE is the electron en-

tained by solving the Boltzmann equation, the Seebeck coePrgy anda is the inverse oE, . The value ofE used in our
ficient S (thermoelectric poweris readily calculated using calculation for theith subband is the energy between the

the following equation%? valence- and conduction-band bound state levels for the per-
tinent subband, denoted I8}, andEJ™ for the longitudinal
1L (1) subband and the oblique) subband, respectively.
—_ — _, 8
eTL® 8

B. Chemical potential

and The chemical potential for the model system is deter-
dk mined by considering the conservation of the total number of
; i i 6
L(zcé):ef 2—7T”2f(k”)v(k“){E(kH)—{}“, 9) carriers per superlattice period{ b),
wherev(k) andE(k)) are, respectively, the velocity and the Nto=Now~ Pow* (Ne—Ps) (10

energy of the electron in a stat¢, anda=0,1. For a mul- ] ] .

tiple subband system such as the PbTg/PBu,Te MQWSs, where Niot IS the apparent total carrier density per quantum
the transport tensork$Ys for =0, 1 are calculated for Well defined by Eq.(10), now(pow) and ng(ps) are the
each subband separately, and the results are summed f2ncentrations of electrondioles bound to the quantum

gether for substitution in Eq8) to obtainS for the whole wells and those delocalized throughout the barrier layer un-
system. bound to the quantum wells, respectively. It should be noted

that the carrier densitiesg,, and poy are calculated using
the quantum well thicknedslenoted as), whereasg and
pg are calculated using the barrier layer thicknédsnoted
A. Model system asb), and hence the factdi/a in Eq. (10). We further note
that the carrier densitiesgy and pow have contributions

: : from both the longitudinal valley and the oblique valleys that
oriented PbTe/Ph,Ey,Te multiple quantum wells where originate from the foulL point valleys in the Brillouin zone

x=0.09 and the thicknesses of PbTe and RE,Te layers for bulk PbTe, and that the carrier density is associated

are= 20 and=400 A, respectivelysample T-225 in Ref. . . ; ; :
3). The details of the experimental results, including theWlth the L point carriers in the conduction band of the

sample structure, growth conditions, and various transporgblB*ri%;ﬁ.ké?g'ﬁrtﬁge;?enrﬂ"’é'E:jj%??ﬁidew'th Eltf g;rd_
measurements for this sample are published elsewtere.< pol 1ers v 1PREU

: o _ rier layer. In our model systenpg,, andpg are found to be
E]Z?;Iyétltggok%ovlr; r\t/féat azbt-lr;(z Izﬁzrnst%?dw%%p%y er352 Oa nd negligible relative to the other terms up to 400° KAbove

Pb_,EuTe layers serve as the barrier layerd,( 400 K thepg term becomes important due to the large den-

=600 meV at 300 K which results in a conduction band sity of states massn@'zlA) for the vqlence b.afnd.l I
offset of =160 meV. It has been shown experimentally thatWas also shown pfewously that the carrler_mobmty for the
samples with this structure have a large intrinsic carrier moPRi-xEuTe alloy is greatly reduced relative to that for

3 .
bility w and exhibit an enhanced thermoelectric power reIa—PbTe’. and therefqre, In the present work, We assume that the
tive to that for bulk PbTe with a similar carrier electrical conduction in our model system is entirely due to

concentratior# the carriers that are bound to the quantum wells.

All the band parameters necessary for the numerical cal-
culation of the transport coefficients of the PbTe quantum C. Numerical calculation
wells are readily available in the literatuf€:**In particular, Once the chemical potential is determined for our model
the following values are used in the present calculation fronsystem, the iterative algorithm is employed for the numerical
Ref. 12: the anisotropic effective masses at 300 %, calculation of the nonequilibrium distribution function
=0.034n (transverse compongnand m;=0.35m (longitu-  f(k)).%® Taking thex axis as the direction of the electric field
dinal component fwg=14 meV, es=33€, and €. thatis parallel to one of the principal axes of the 2D elliptical
=414¢,, wheree is the dielectric constant of the vacuum, constant energy surface and defining the normalkzeector
E=25 eV, andpr’=486 meV/A. To account for the k# and the normalized electric fielf* by ki = (k k)
temperature dependent properties described in the presenty/m, Kjx,m/myk;,) and Ef =(m,/m)E,, respectively,
paper, the temperature dependences of the bulk effectivge expandf (k) as
masses and band gap energy are obtained from Refs. 21 and

Ill. CALCULATION

The model system for the present calculation is (thEl)

24, respectively. ehEXK[ [ dfg
The bound state levels for the quantum well are calculated fkp) =To(Bx) = — | 38 o(kp, (1D
by solving the Schrdinger equation for a square well poten- E=E
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where ¢(k|) is a perturbation function connected with the S T T " A
application of an electric field ane(k)) has the units of 400 | Z:jg'i g
time. Using the perturbation functios(k)) in Eq. (1), the \Q?o <>a;20 A
Boltzmann equatiofiEq. (1)] is rewritten as — 300 | \(D@ 3 Aa=23 A |
A 1—fo(Ev) § SN Obulk PbTe
- 0 Kk’ , sQ
=—4/ — =5
cos¢ 4y (Ekll)f 1—fo(Ep) S(kykj) ;_)’ 200 | 1)
/ / - [ Results of CRTA
x{ (k) K "I Bk} (12 oo | TG
2) =Tt
wherey’ (E)=dy(E)/dE, 6 is the angle between the vector 3 um;&z:.q
ki and thex axis, and Eq(3) is used to eliminatS(k ,k)) o L— -
in terms ofS(k ,kﬁ). In solving the Boltzmann equation, the 10
nHaII (Cm )

perturbation functiong (k) is further expanded using the

Legend_re polynomials £x) and the two most significant FIG. 1. The absolute value of the measured Seebeck coefficient
te_rms, _"e'*‘i’(lfll):a_l(E)Pl(COSH)+a3(E)P3(COS€)' aré ré- 45 a function of Hall carrier concentration for bulk Pbiapen
tained in the iteration procedure. The resultant Boltzmanr&irdeg and for PbTe/Ph_Eu,Te MQWs of various quantum well
equation is solved foa;(E) andaz(E). The reason that we thicknessegother open symbojsat 300 K. The theoretical result
retain the second term in the expansion/gk)) is to handle  for |S| for bulk PbTe using the constant relaxation time approxima-
the anisotropy of the constant energy surface for the obliqugon (CRTA) and using values afn,=0.034n and m;=0.35m for
valley accurately in solving the Boltzmann equation. In thisthe bulk effective masses is shown by the dashed curve. The theo-
way, we were able to keep the error associated with theetical results for PbTe/Rb,Eu,Te MQWSs in the CRTA are
numerical calculations to within a few percent. To completeshown for the following conditiongsee Ref. 6 for the meaning of
our calculation for the oblique valleys, the procedure abovehese conditions (1) Tigng=37opiiq: (2) Tiong= Toblig: and (3)

is repeated folE* parallel to they axis and the transport Hiongt™ Hobiiq-

coefficients calculated along tlxeandy axes are averaged to

yi_eld the fina_l isotropic transport coefficient that is consistenicrTa with three different assumptions for the mobility
with the cubic symmetry of the model systéfn. ratio® The assumptions used in the CRTA in Fig. 1 are ob-
tained for various situations of the intravalley and the inter-
IV. RESULTS valley scattering, assuming that the relaxation timis in-
versely proportional to the density of states for electres
Ref. 6 for details. We should, however, note that the ob-
served enhancement #ican be understood, without includ-
ing intervalley scattering, as we discuss in the following sec-
tions. Therefore, in this section, we simply restate that the
simple density of states consideration fgrassuming only

A. Constant relaxation time approximation

The enhanced Seebeck coefficient observed in1hé)-
oriented PbTe/Ph,EuTe MQWs was previously ex-
plained qualitatively using the constant relaxation time ap
proximation (CRTA) and the two-band model assuming

parabolic energy band<€ the total Seebeck coefficie@is intravalley scattering £,iq=0.33rong). leads toS values

given by (01S;+0,S,)/(01+0,) where o; and S (i
=1,2) are the electrical conductivity and the Seebeck coef]jor MQWSs as small as that for PbTe bulk, and does not

ficient, respectively, for thath subband. For th&111)- explain the enhancement $iobserved experimentally.

oriented PbTe/Ph ,Eu Te MQWSs, four equivalent. point Th_e experimental results for the Seebepk coefficient as a
minima in the 3D Brillouin zone split into one longitudinal function of temperature for sample T-225 in Ref. 3 are plot-
(lowest in energy and three equivalent oblique pockets in ted in Fig. 2 together with the theoretical results using the
2D quantum wells; thus, we associate the longitudinal and?RTA, assuming the wopiq= Hiongt @ Tobiig= Tiongt
the oblique subbands with the first and second subbands gPnditions’ In the theoretical calculation, ni=
the abovementioned two-band model. 1.1} 10" cm 2 is assumed, based on the previous analysis
Since the carrier concentration and the Seebeck coeffef the Hall coefficient measurements as a function of
cient of a single band material are functions of only thetemperaturd. We note that although the results for the
chemical potential and temperature, for a given band struc€RTA with the conditionsu gpjig= iongt 2N Topiig= Tiongt Ar€
ture in the CRTA, we need only one additional parameterconsistent with the experiment at certain specific tempera-
when we extend the single subband model to the two-bandlres, there is nca priori reason that either thetopig
model in calculating the toté This additional parameter is = Miongt OF the Topig= Tiongt CONditions should hold at any
the ratio of the carrier mobilitieg. (or scattering times)  particular temperature. More importantly, the fitting of the
between  these  subbands,  namely,uopiq/fiongt  €Xperimental results, obtained from the two-band model us-
= (Toblig! Mobliq)/( Tiongt! Miongd =0.553ropiiq/ Tongt ~~ Where  ing the CRTA, suggests that the reduction of the Seebeck
Miongt= M)t and Mgpjig= 2/(m”‘tl+ mH_ll) are the transport coefficient due to the lifting of the valley degeneracy be-
masses for the longitudinal subband and oblique subbandomes less significant as the temperature is increased. There-
respectively. The experimental results for the Seebeck coefore, it is of interest to investigate the detailed mechanisms
ficient as a function of Hall carrier concentration are shownthat are responsible for the observed enhancement in the See-
in Fig. 1 for bulk PbTe and PbTe/PbEu,Te MQWs from  beck coefficient for the PbTe/lPb,Eu, Te MQWSs relative to
Ref. 3 together with the theoretical results obtained using théhat for the corresponding bulk PbTe. Such an investigation
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FIG. 2. Absolute value of the Seebeck coefficient for the FIG. 3. Calculated values for the mobility ratio between the
PbTe/Ph_,EuTe MQW samplgT-225) as a function of tempera- carriers in the oblique valley and in the longitudinal valley111)-
ture (open circles The solid line shows the theoretical results using oriented PbTe/Ph ,Eu, Te MQWSs when(1) only the longitudinal
the CRTA assumingtiong= Kopiiq. Whereas the dashed line shows acoustic phonon deformation potential scattefin§DP) is consid-
the results assuMiNGong= Topiq - ered(short-dashed curyg(2) only the polar optic phonon scattering

(POB is consideredlong-dashed curye and (3) both LADP and
should be important not only to understand the fundamentdfOP are considere@olid curve.
physics of the low-dimensional transport phenomena, but

also to employ the ideas _gained through the investige}tion Oéomes from théG(q,)|? integral. Since the component of
such mechanisms to design even better thermoelectric mate- . . .
e electron wave function for the longitudinal subband is

rials in the future. In the next section, we address thes X .
points in more detail by comparing the experimental resultdnore confined than that for the oblique subband, the result-

2 - .
for sample T-225 with our theoretical results, first assumin ntG(qZ), a!'ld Ihence alsogﬂeng) |h '”te?ra" is larger for hi
longitudinal acoustic phonon deformation potential scatteriN€ longitudinal subband than for the g,% |q|lgr%tsubband. This
ing and polar optical phonon scattering independently, and@ctor accounts for a factor of 3.77 ™/ 7,0 at 300 K.

then considering both mechanisms acting together. Therefore the value forg:"/ 0% assuming a parabolic en-
ergy dispersion relation is 0.333.77=1.26, which is quite

different from the naive assumptiorf®% 7°"9'=0.33 ob-
tained from the density of states factor only. Furthermore,
Using the elastic and high temperature approximationgyhen using a nonparabolic energy dispersion relation, we
described in the previous section and considering only th@ave an additional factor of'(E)? in Eq. (13) where E
longitudinal acoustic phonon deformation potential scatter— ; (where( is the chemical potentigfor the longitudinal
ing, the Boltzmann equatiofEq. (12)] reduces to the sypband. For our model system at 300 K we find that the

B. Seebeck coefficient due to acoustic phonon scattering

energy-dependent relaxation timg.(E) approximation: Fermi level is 30.15 meV above the longitudinal subband
. . edge and 42.48 meV below the oblique subband edge, where
TacdlE) "7 =2a41(E) the energy band gaps between the valence and conduction

(mumy) Y2 22k,T band b(I)led states are 447.69 meV for the longitudinal sub-
_\mymy)™™ ="Kg VI(E)zf 1G(q,)|%dg,x 2, band €4') and 581.87 meV for the oblique sub.l:)ar.Ef,j(’).
Ah3 pv? Since the Fermi energy lies at a degenerate engngide the
band only with the longitudinal subband, the additional con-
tribution of the nonparabolicity of the energy bands to
where the factor 2 at the end of the equation accounts for the22'¥ 7279 becomes important only for the longitudinal sub-
phonon absorption and emission processes. UsingB).  band. Forf=30.15 meV ancEg"=447.69 meV, we obtain

we can directly investigate the ratio af. between the ob- y’(£)?=1.29 at 300 K. It turns out that the contribution of

13

lique subbandgdenoted byr32'%) and the longitudinal sub- the nonparabolicity tor32'%7°7% is strongly dependent on
band(denoted byf'fc”gt) for our model system. temperature. For example at 100 K, we find that the Fermi

If the energy dispersion relation is completely parabolic,level is 90.6 meV above the longitudinal subband edge and
the relaxation timer,. is constant with energy, so that the E'g'I is 382.93 meV, and therefore we get(¢)?=2.17.
energy dependent formalism basically reduces to the From this argument, we find that the temperature dependence
CRTA. In this limit, 7, is proportional to the product of the of 72219 719" mainly comes from the effect of the nonpara-
density-of-states massm,)*?and the/G(q,) |2 integral as  bolicity of the energy band&ee Fig. 3
seen in Eq(13). Using the bulk effective masses at 300 K Shown in Fig. 4 are the experimental Seebeck coefficient
projected onto the plane of the quantum well, we obtajn  (S,,,, open circles as well as the theoretical Seebeck coef-
=m,=m;;=0.034n for the longitudinal pocket andn, ficients: (1) considering only longitudinal acoustic phonon
=m;;=0.315n, my=m;;=0.034n for each of the oblique deformation potential scatteringS{., short-dashed curye
pockets. Therefore, the difference in the effective masses aend (2) considering only polar optical phonon scattering
counts for a factor of 0.33 229 79t Another factor (Sop. long-dashed curye One can see the,. is smaller
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FIG. 4. Absolute value of the Seebeck coefficient for the FIG. 5. The coefficienta;(E) for the first order term in the
PbTe/Ph_,EuTe MQW sample(T-225) as a function of tempera- Legendre polynomial expansion of the perturbation functigk,)
ture (open circle} together with the theoretical result) consid-  as a function of energysee text The solid, short-dashed, and
ering only the longitudinal acoustic phonon deformation potentiallong-dashed curves denote the functions determined () for
(short-dashed curyeand (2) considering only the polar optic pho- the longitudinal valley, the oblique valley along thelirection, and
non scatteringlong-dashed curye the oblique valley along thedirection, respectively. Also indicated
on the figure are the energy values for the chemical potential and

thanS,,, above 200 K, while it is larger thaB,,, below 150 the oblique subband edge.

K. The main reason for the larg8.,, compared withS,
above 200 K is that the polar optical phonon scattering gen
erally has an effect to increase the valueSas we will
discuss in the next section. This effect is predominant abov
200 K. On the other hand, at lower temperatures
(<150 K), the y(¢)? factor in Eq.(13) increases for the
longitudinal subband, causind®™®' to decrease. Henc8,,
increases, while in the real sample the polar optical phonons

contribute to the preferential scattering of the carriers in the D. Seebeck coefficient due to both the longitudinal acoustic
obligue valleys while leaving the scattering of the carriers in phonons and the polar optical phonons

the longitudinal valley relatively unchanged. This is the  \yhen we consider both longitudinal acoustic phonon de-
mechanism which explains the reducggy relative toS,cat  formation potentialLADP) scattering and polar optical pho-

scattering timer in a naive sengeincreases with increasing
energy near the band edge, we can exg®gtto become
gigniﬁcantly larger tharB,,, if the chemical potential is
near (or below the band edge and the width of the rising
edge of thea;(E) function is larger than the magnitude of
the thermal energgT.

low temperatures<£150 K). non (POP scattering, and we then calculate the Seebeck co-
efficient for both of these scattering mechanisms acting at the
C. Seebeck coefficient due to optical phonon scattering same time §,), we simply add the contributions from these

scattering mechanisms to obtain the total scattering probabil-
ity per unit time[Eq. (4)] and use the same iterative ap-
proach described in the previous section. The resuligg
calculated in this way is plotted as a function of temperature

The Seebeck coefficiefcalculated considering the polar
optical phonon scattering onlydenoted byS,,) is also
shown in Fig. 4(long-dashed curyeas a function of tem-
perature. The calculated ratio of the mobiliti@gpiq/ iiongt
when only the polar optical phonon scattering is considered
[denoted by feopiq/ iiong) Porl IS also plotted as a function of 300 |
temperature in Fig. Jlong-dashed curye We find that
(Mobiig! Hiongd) PoPIS @lsO a strong function of temperature and
this ratio becomes as small as 0.25 below 100 K. This ob-
servation proves the postulate in the previous section that the
polar optical phonons are more effective in scattering carriers
in the oblique valleys than scattering carriers in the longitu-
dinal valley at low temperatures in our model system. An- 100
other observation is that although the value for
(Mobiig! Hiongd Pop IS 0.6~0.9 for temperatures above 300 K ol
(i.e., i< , Whereas we find th - is 0 . . . .
consigt(ébr"ﬂ wﬁlr?nt%t])e experimental result i;lﬁﬁgquRTkX?tthe re- 100 2°9|. (K) 300 400
sulting S, calculated for our model system is significantly
greater tharB.,, above 300 K. This apparent discrepancy is G, 6. Absolute value of the Seebeck coefficient for the
resolved if we look at the special shape of the distributionppTe/Ph_ Eu Te MQW sampleT-225) as a function of tempera-
function f(E). Plotted in Fig. 5 is the coefficient for the first ture (open circles together with the theoretical results obtained for
order term,a;(E), of the perturbation functiorp(k) as a  |9|, considering both longitudinal acoustic phonon deformation po-
function of energy. Sinca;(E) (which is interpreted as the tential scattering and polar optical phonon scattefsaid curve.

200 |-

ISI (WV/K)

O Experimental IS| (T-225)
Theoretical (n=1.1619 cm™)
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in Fig. 6 (solid curve together with the experimental results tively small. However, in the high temperature regime
(Sexp: Open circles We note that the agreement in Fig. 6 (=300 K), where there is more occupation of the oblique
between the theoretical and experimental results is fairlywalleys, polar optical phonon scattering is found to contribute
good for the wide temperature range from 80 to 400 K basedtb increasingS because of the particular shape of the distri-
on literature values for the band parameters and no adjusbution function created by polar optical phonon scattering.
able parameters that are fitted by the model. The good agre®ur theoretical result for the two scattering mechanisms act-
ment between the theoretical and experimental results inding together yields good agreement with the experimental
cates the reliability of the parameters deduced from theesults over a wide temperature ran@®—400 K without
previous measurementand analyse$such as carrier con- the use of any fitting parameters. It is hoped that the knowl-
centrations, lattice constants and band energy gaps, and tedge acquired through this study will contribute to deepening
validity of the basic idea proposed by Hicks andour understanding of the fundamental physics of low-
Dresselhaus'® which predicts enhanced thermoelectric dimensional transport phenomena, as well as to allowing us
properties for low-dimensional systems, if the original modelto plan a new strategy for designing useful thermoelectric
calculation is properly refined to include the appropriatematerials using low-dimensional structures in the future.
scattering mechanisms.
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