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Effect of phonon confinement on the thermoelectric figure of merit
of quantum wells
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Recently, it has been shown that the thermoelectric figure of merit is strongly enhanced in quantum
wells and superlattices due to two-dimensional carrier confinement. We predict that the figure of
merit can increase even further in quantum well structures with free-surface or rigid boundaries.
This additional increase is due to spatial confinement of acoustic phonons and corresponding
modification of their group velocities. The latter leads to an increase of the phonon relaxation rates
and thus, a significant drop in the lattice thermal conductivity. 1998 American Institute of
Physics. [S0021-89788)03023-0

I. INTRODUCTION phonon transport can be modified due to miniband formation

. , ) and the emergence of mini-Umklapp processes.
The search for superior thermoelectric materials gener-  t1q situation is significantly different in the quantum

ally requires finding conditions such that the thermoelectrineHS’ which are either free standing or embedded within the

figure of merit rigid material with distinctively different elastic properties.
0T Here, phonon dispersion and group velocities are changed
7T= o (1) due to the spatial confinement induced by the boundaries.
Kpht Ke The phonon confinement affects all phonon relaxation rates,

and makes the thermal transport properties of nhanostructures

is as large as possible. Hef®is the Seebeck coefficient,is  rather different from those of bulk material. These conditions
the electrical conductivitys, is the lattice(phonon thermal  are characteristic of many realistic experiments with thermo-
conductivity, k. is the electronic thermal conductivity, afid  glectrics.
is the absolute temperature. Most of the methods to improve |n this paper, we study how spatial confinement of
ZT were formulated as early as the 1960s, and usually coulglcoustic phonon modes changes the thermoelectric figure of
be reduced to the requirement to limit the phonon propagamerit of quantum well structures via modification of the lat-
tion while not significantly deteriorating electron transportera| lattice thermal conductivity. The paper is organized as
through the samplé. follows. In Sec. Il we present the theory. Results of the nu-

A rebirth of the field of thermoelectriéswas brought merical simulations and discussion are given in Sec. Ill. We
forward by the emergence of large numbers of new artifipresent our conclusions in Sec. IV.
cially synthesized materials, including different types of
semiconductor low-dimensional structures. Low-dimensional
confinement allows for more degrees of freedom for maxi-
mizing ZT. The experimentally observed increase of the Seel-I THEORY
beck coefficient in PbTe/Rb,Eu,Te and SiGe/Si multiple-
quantum well structures gives apparent confirmation of theéh. Thermoelectric figure of merit

usefulness of low dimensionalify. As an illustrative example, we will consider a bismuth—

~ Theoretical predictiorfs’ of a strong enhancement of the o1 rige guantum well structure. We have chosen this mate-
figure of merit for semiconductor s_uperlattlcesz and quantumja| pecause it has bulk superior thermoelectric properties.
wells were based on the modificationlefand S’ product  the model presented will, of cause, be applicable for other
due to the spatial confinement of carriers and the correspongi;5ierial systems. In order to have a pronounced phonon con-
ing change in the carrier density of states. Meanwhile thesg,oment effect, the quantum well structutiin film) should
predictions ignored the effects of spatial confinement ofye empedded within material with distinctively different
phonons, and used bulk values:qf. This approximation is  g|astic (crystalling properties. One of the possibilities is a
valid for quantum well structures with boundaries made OUtBizTe3 film on polyimide or mica as described in Ref. 7. In
of a material with similar crystalline and elastic propertiesy,o case of polyimide, the quantum well boundaries can be
where phonon modes extend through the boundaries and dgyysjgered as free surface since they are surrounded by the
not differ significantly from the bulk. However, it should be ;. ang soft polymer. Multiple quantum well structures can
pointed out that even in superlattices of similar materials, the,;s5 pe made this way by sandwitching bismuth—telluride
thin films between layers of polymer or other ‘“soft”
dElectronic mail: alexb@ee.ucla.edu dielectric’® The well widthW in such structures should be
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W q S where three-dimensional chemical potentja® is deter-
| R mined by the doping and related to the Fermi endtgyand
o X density of statedN(E) as
2k2-|—2
B
polymer xP=Eg— 6 EUHN(E)]
—IW bismuth-telluride ————> e w2k T2 o
Fo12E
1 . . . . . .
povmer Equations(2)—(4) are valid for anisotropic material with a

) arabolic band and are not restricted to semiconductors
FIG. 1. Geometry of the quantum well structure with free-surface bound-p

aries used for model simulatiosppe). Geometry of the corresponding alone.
experimental structurdower).

B. Lattice thermal conductivity

rather smallless than 50 ninfor strong phonon confinement To calculate the lattice thermal conductivity in E&),
effects. The geometry of the structure and notations argve need to determine the scattering re@é as a function of
shown in Fig. 1. the well width and temperature. It is well known that only
Our model will use the derivations of thermoelectric pa-those processes which do not conserve crystal momentum
rameters for two-dimensioné2D) structures given in Ref. 4. contribute to the lattice thermal resistartéeThese pro-
However, we do not assume thaj, equals to its bulk value cesses, referred to as resistive, are boundary scattering, mass-
kgﬁ"‘. Rather, we calculati,, as a function of the well width  difference scattering, scattering on dislocations, and three-
W and temperatur&. A significant dependence &, onW  phonon Umklapp scattering processes. Equat®nwhich
is expected from the spatial confinement of phonons particiwe added to the thermoelectrics 2D formalism of E@3—
pating in thermal transport, mainly through the change of(4) is written under the assumption that such resistive pro-
their group velocity. Since we are interested in operation atesses are dominant over the normal phonon processes.
the room and above temperatures, no phonon drag effect will  Limiting our consideration to the above mentioned resis-
be considered. We also assume that the confinement of phtive processes, we proceed with the Matthiessen’s rule
non modes does not strongly affect electron—phonon scatter- 1 1 1 1 1

ing rates. The latter was recently shown in Ref. 9. —_—t —t —+—, (8
For conduction along the axis, one can write in the 7c 7u T T 7B
one-band material approximation wherery, 7,, 75, andrg are the relaxation times due to the
5 U-processes through all allowed channels: the mass-
S=- g(ZFllFo—X’z’D), (2) difference (or isotop s_cattermg, sgatterlng on dislocations,
and boundary scattering, respectively. In order to evaluate
1 [2kgT r(_alaxatioq rates of Eq@8), we should use the actual disper—
Y 7) (mxmy)l’zFoe,ux, 3 sion relationgfor the Umklapp processgand group veloci-
tiesvg=v4[ w(q)] for phonons in a quantum well(is the
5 2 phonon in-plane wave vecfoModification of the wave vec-
(7)h*| 2kgT | :
(= (_ (my/mx)l/ZkB(gpz_ 4F2IFy),  (4) tor selegtlon and frequency conservation rules due to the spa-
ATW\ 72 tial confinement should also be taken into account.
o ka3 ot as The phonon relaxation mechanism which is strongly af-
« :_B(_B) 3f Tcé'e de. (5) fected by the change in the average phonon group velocity is
P o 2\ 0 (ef—1)2 the mass-difference scattering. The phonon relaxation rate
Hereky, is the Boltzmann constart, is the Plank constang g;leo to interaction with atoms of different masses is given
is the electron chargen, , , are three components of the
effective-mass tensom, is the mobility along thex axis, 1 Vow? 5
(7)(=puxmy/e) is the electron relaxation time which is as- =73 EI fill1—(M;/M)]%, 9
9

sumed to be constant as in Ref. #js the Debye tempera-
ture,hw is the phonon energ=7%w/kgT, 7c=7(W,T) is  whereV, is the volume per atorml; is the mass of an atom,

the combined phonon relaxation time due to all resistive proandf; is the fractional content of atoms with mads which
cessesy is the velocity of soundy3p, is the reduced chemi- is different from M. Writing Eq. (9) we tacitly neglected

cal potential for quasi two-dimensional structures, Bpchire  additional terms associated with the difference of stiffness
the Fermi—Dirac functions. The reduced chemical potentiatonstants of the nearest-neighbor bonds. The phonon scatter-
is defined(by analogy with the electochemical potentias  ing on dislocations can be evaluated using the rel&tion
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whereN is the number of dislocation lines per unit area, and
a is the lattice constant.

The expression for; of a thermal mode with the wave - - s -
vector g in the single-mode relaxation rate approximation WAVE VECTOR q (tinm)
can be found in Ref. 11. A detailed study of the effects of
phonon confinement on three-phonon Umklapp processes
and, correspondingly, om, was reported elsewhet®.

Boundaries of nanostructures also contribute to phonon
scattering. Since boundary scattering is almost independent
of frequency and its relevant contribution becomes signifi-
cant at low temperature®ot considered in this papemwe
limit our consideration to a simple estimate of the phonon
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relaxation rate from the semiempirical relation FIG. 2. Group velocity as a function of in-plane wave vector for the dilata-
tional (upped and sheaflower modes in a 100 A wide bismuth—telluride
1 Ug guantum well. The result are shown for eight lowest phonon modes. The
T_B = W (11 dashed lines show the average group velocity for bulk material. It is easy to

see that the phonon group velocities are lower than in bulk, and decrease
The phonon relaxation due to scattering from the grainith increasing mode number.

boundaries is not included in our model. This mechanism is

irreleva_nt for cry_stal!ine b_ismuth teII_urid_e a_nd for the poly— IIl. NUMERICAL RESULTS

crystalline material, in which the grain size is usually bigger

than the phonon mean free path anttonsidered here. A. Lattice thermal conductivity

The phonon group velocities as functions of the phonon
wave vectorg along the propagation direction are presented
C. Confinement of acoustic phonons in Fig. 2. The typical results are shown for the lowest dila-

) ) tational (upper part and shearlower par} type modes 1

we have to determine the dependencies ¢fiq) and w(d)  confinement, many more branches of each polarizational
on the well widthw. The d|spersu_)n of the conflned phonpn type are present in the quantum well as compared to the
modes can be found in the continuous medium approximapik. One can easily see the general trend: the higher the
tion by solving the elasticity equation with given boundary mode number the smaller the group velocity over the range
conditions (free-surface boundaripsin order to do it, we  4f \ave vector values. The group velocity of thermal modes
follow prescriptions of Refs. 13 and 14. Since here we argjecreases to as much as 3—4 times: 60 for W=100 A at
mostly interested in the value of the average phonon groug,om temperatupe For comparison the average sound veloc-
velocities, we will briefly outline the procedure and presentity of the bulk is shown by dashed lines. The change of
the results. polarization types and the= w(q) dependence due to con-

The normal components of the stress tensor on the fregiement brings also modifications of the energy and mo-
surface boundaries must vanish. These boundary conditiongentum conservation laws. The latter is important for calcu-

bring about a significant change to the phonon dispersion andiion of the lattice thermal conductivity of quantum wells
group velocities as compared to bulk. One should note hergnq was discussed by us in Ref. 12.

thgt a significan_t modification of phonon modes can be.at— Once the phonon dispersion and group velocities are cal-
tained not only in a free-surface nanostructure but also in yated, we evaluate phonon scattering rates and lattice ther-
nanostructure embedded within rigid material. In this casey,q) conductivity for a bulk BiTe; slab and quantum wells
the normal components of the stress tensor are unrestrictef,or the range of temperatures and well widths. The material

but the displacement is zero at the boundary. This Cormeparameters used in simulation are summarized in Tafitel
sponds to the clamped-surface boundary condittors we

mentioned in the beginning of Sec. I, our choice of the
material system corresponds to the free-surface boundariyABLE I. Material parameters for BTe; used for simulation.
conditions.

. . - . o =4.3835 A
_Solvmg numerically trt1e elasticity eqyaﬂon, we f|r_st find :,:30.360 A
confined phonon modes,(q) for a particular well width m,=0.012m,
and material parameters and then, by numerical differentia- m,=0.081m,
tion, determine the group velocities. Subsctitefines the m,=0.32m,
v=3x10° m/s

type of the phonon modes which are characterized by their 1500 eIV S

distinctive symmetries(shear, dilatational, and flexural M (gf)za 47%10°% kg
mode$. The phonon group velocity for each mode type in M(Te)=2.12 1025 kg
the nth branch is defined as;"= dw/dq.
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FIG. 3. Lattice thermal conductivity of bismuth—telluride as a function of FIG. 4. Thermoelectric figure of merit ZT of bismuth—telluride as a function

temperature for bulk material and three different quantum wells. The calcuef quantum well width. The results are shown for quantum wells with con-

lations are performed for quantum wells with free-surface boundaries. Sigfined (denoted by A and bulk phononsgdenoted by B. The figure of merit

nificant drop of thermal conductivity is due to spatial confinement of acous-for bulk bismuth—telluride calculated with the same material parameters is

tic phonons. also shown. Additional increase of ZT arises from the decrease of the lattice
thermal conductivity due to phonon confinement.

values are after Refs. 16 and)1The overall phonon scat-
tering rate increases in a quantum well. A significant drop i
the average phonon group velocitsee Fig. 2 strongly in-
creases phonon relaxation rates via mass-difference scatt
ing and scattering on dislocations as expected from Ejs.

agglglo)'m-ghg (et?frezci:_-pehog(;)nng?klapgttzc_attermg |[s)oalscc)j be'ductor. We also determine that, lies below the second
coming mor ective. Boundary scatterifu grain bound- confined electron stat®ne-band modgl The Fermi—Dirac

ary scatteringis less sensitive to the phonon group velocityfunctions are calculated using the known expandffar
change and just slightly offsets the final result. One impor-

. : . : integerp.
s o, The hermoelecc e of merit 27 a5  functon of
(rqates)l;ut not the Umklapp scatF:erinyg rate. The inc¥ease of th uantum wel! width is shown in Fig. 4 Wlth and without

) . ’ . . onon confinement effects. The calculations were per-
Umklapp process scattering rate in a quantum well is a dire

result of the modification of bhonon dispersion due t i ormed for room temperature. As one can see from Fig. 4,
esuttotthe moditication of phonon diSpersion due to spatiay, , yoreage &€, due to the spatial confinement of phonons
confinement of the phonon modes. In Fig. 3 we show thei

X - . n a quantum well embedded within a material of different
lattice thermal conductivityk,(W,T) as a function of the q

temperature for different quantum well widths and the bulkelaStiC properties leads to a noticeable increase of ZT as
pe d . . compared to the case without the phonon confinement. This
material. One can see thigj, for a 100 A wide well is much

! . additional increase is particularly significant for the interme-
smaller than that of a bulk, particularly at room and Sl'ghtlydiate and thin quantum wells wit/~90—300 A. The gen-
below room temperatures.

X eral trend of increasing ZT with the reduction of the well
In order to verify the accuracy of our model feg,, we g

. . . width is characteristic for both cases. The latter is expected
apply It tp different ”.‘a‘e“a' systems and compare the resu'.taue to the increased carrier confinement in narrower wells
with available exper_lmental_data. W? found that our numertSnd basically is the result of the effectively 2D density of
cal results are consistent with experimental data presented

Qates for free carriefs3 The additional increase of ZT due
Ref. 7. It was reported there that the lattice thermal conduc; : ’ .
o . . o . h f f ph I

tivity of the Bi,Te; films (0.5—3 um thick) is considerably o the confinement of phonons can be as large as two times

. . h I ith he ph fi f A wi
lower thankp, of bulk crystals of the same solid solution. At the value without the phonon confinement for a 90 A wide

room temperaturek..~1.2 W/m K was measured as com quantum well with free-surface boundary conditiginsom
ph =~ . " temperaturg This additional increase is clearly seen in Fig.
pared to the bulk value of 1.7 W/m K. It is reasonable to P ® y 9

expect that further decrease of the film thickness will bring

bout dditional d in the th | ductivity. E Although our model assumed a quantum well with free-
about an additional decrease In the thermal ConAUuCivity. Xg ¢4 0o boundary conditions, the conclusions about increased
perimentally observed temperature dependence in Ref. 7

very close to that calculated on the basis of our model 2T due to thg phonon confinement can be exten_d_ed_ tg quan-
" tum wells with clamped-surface boundary conditigrigid
boundaries The lowest confined phonon modes in quantum
wells embedded within rigid materials are higher in energy
After determiningk,,=k(W,T), we can calculate ZT us- than those in a free-standing quantum well, but the overall
ing Egs.(1)—(5). Material parameters used for simulation arebehavior and the decrease of the group velocities are very
the same as in Table I. To obtain high ZT, we optimiZg,  similar in both cases. The model presented here can be de-

r‘by choosing an appropriate carrier concentratidoping
level) for a particular well width. The optimuny;, occurs
fhen we start withysp slightly above the conduction band
which corresponds to a partially degenenatype semicon-

B. Thermoelectric figure of merit
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