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Carrier pocket engineering to design superior thermoelectric materials
using GaAs/AlAs superlattices

T. Koga,® X. Sun, S. B. Cronin, and M. S. Dresselhaus®
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 9 July 1998; accepted for publication 17 September)1998

A large enhancement in the thermoelectric figure of merit for the whole superlattige, is
predicted for short-period GaAs/AlAs superlattices relative to bulk GaAs. Various superlattice
parametersgsuperlattice growth direction, superlattice period, and layer thickneasesxplored to
optimizeZ3pT, including quantum well states formed from carrier pockets at various high symmetry
points in the Brillouin zone. The highest room-temperaygT obtained in the present calculation

is 0.41 at the optimum carrier concentration for eitli@®1)- or (111)-oriented GaA$20 A)/

AlAs (20 A) superlattices, which is about 50 times greater than the correspoidifay bulk GaAs.

© 1998 American Institute of Physidss0003-695(98)01546-0

There have been an increasing number of studies on theondition that the particle current should be conserved at the
enhanced thermoelectric figure of mefi{ = S?c/«), where  barrier-well interfaces, we apply the boundary conditions
Sis the Seebeck coefficient; is the electrical conductivity, Wgaas=Vans and @V gaas/ d2)/Mygans)= (AV p1as/d2)/
and « is the thermal conductivity, for a material in the form myaas) at the GaAs/AlAs interface, whem gaasand W s
of a multiple-quantum-wel(MQW) structure'1° The most  denote the electron wave function in the GaAs and AlAs
popular strategy in this research area is to take advantage t#yers, respectively, anth,gaas) andm,(aas) are thez com-
the enhanced density of states for electrons near the Ferrapnents of the effective mass tensor for the GaAs and AlAs
level due to the reduced dimensionafity? In this approach, layers, respectively. The conduction-band offsets at each
in-plane thermoelectric transport of the MQW sample shouldsymmetry point are calculated using the experimentally de-
be enhanced due to thd) enhanced Seebeck coefficient termined empirical relatiod E./AE,=0.68;" whereAE, is
relative to the bulk value at a given carrier concentrati@gh, the conduction- band offset at thie point, andAE, is the
enhanced electron carrier mobility due to the and difference in the direct energy-band gap at thepoint be-
modulation-doping techniques, aii@) reduced lattice ther- tween GaAs and AlAs. The in-plane components of the
mal conductivity due to the boundary scattering of phonongffective-mass tensor are calculated by projecting the 3D
at the barrier-well interfaces. It is, however, noted that al-constant energy surface for the well material on to the plane
though a fairly large enhancemelialy a factor of severain of the quantum wells. It is noted that for the band offsets
ZT is expected within the quantum wéll® there has been Calculat_ed in this way th& andL point quantum wells, and
little work on predicting a large enhancementai for the theX p_0|r_1t quantum wells are forme_d within the GaAs layers
whole superlattice. and within the AlAs layers, respectively, so that we can ef-

In this letter, we first show that the quantum-well ap- fectively separatg _thg carrier_s in different carri.er pocKets _in
proach is indeed effective in enhancig for the whole real space to minimize the intervalley scattering, which is
superlattice using a GaAs/AlAB-point quantum-well super- also favorable for_ achieving higd. We Fabulate the band
lattice, where we assume that only tHepoint subband is pargmeters used in the present calculation from Refs. 17 and
occupied by electrons. Second, we show the possibility oft8 In Table 1. .
another degree of freedom to enhack i.e., the possibility The transport coefficientso( S, and «.) for the whole -
of varying the relative contributions df-, X-, and L-point superlattice(SL) are calculated using textbook equations in

(a) i i (a)
carriers to further enhancéT by changing the superlattice term; of theL™® functions _deﬂned elsewhe_?%.The_ L
flgnctlons for the case of a single-band two-dimensid¢aB)

arameters such as the superlattice growth direction, supe . .
P P g b uantum welldenoted by_(z‘,g)) are evaluated in Ref. 5 using

lattice period, and layer thicknesses. We emphasize tht imai f tant relaxation fi d
these calculations pertain to the three-dimensi¢8B) fig- € approximations ot a constant reéfaxation ime and a para-
bolic energy dispersion relation. For superlattice samples,

ure of merit from the superlattice, denoted Dy, T. which have an energy dispersion along fhexis, we evalu-
The calculation of the energy dispersion relation along gy disp 9 '

: . . ; - Yate LY by
the superlattice axisz(axis) was carried out at each high SL
symmetry point [', X, andL pointg in the Brillouin zone (@) I dp(e)
using a plane-wave approximation with an appropriate LSL(§)=onf L(2p)(¢{—e) — —de, @
boundary conditior(Kronig—Penny modél'® Requiring the

wherep(¢) is the density of states as a function of energy for
the whole superlattice for the pertinent subband apglis

dDjvision of Engineering and Applied Sciences, Harvard University, Cam- ; ; ran
bridge. MA 02138, the density of states for the pertinent quantum well if it had

YAlso with the Department of Electrical Engineering and Computer sci-only a single subband and no band t_’roadeni“&D(
ence. Electronic mail: millie@mgm.mit.edu =(mt(ZD)mKZD))l/z/ﬂ'dWﬁz). The L(Scf_) functions for the
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TABLE |. Band parameters at various high symmetry points for GaAs and 15 ‘ ‘ ‘
AlAs. The offset energy denotes the energy of the bottom of the quantum ~8 : :
wells that are formed at each symmetry point relative tolthmint of bulk ,,% 1 .
GaAs. mg A / 1
10} © - —
Band Parameter I" point X point L point § ;é) i
= o 100
[Mme/m]gand 0.067 0.23 0.0754 N
[ /m]gaas 1.3 1.9 I'} 5| |
[me/m]aas® 0.150 0.19 0.0964 3
[my /M 11 1.9 N
NP 1 3 4
Uy (eV)© 1.084 0.242 0.132 0 N [
QW layef GaAs AlAs GaAs 0 40 .80 120
u (cm?V s)® 3000 180 950 d,, (A)
Offset energy(eV)? 0 0.234 0.284

FIG. 1. Plot of the ratio oZ35T for an equal thicknessd(,=dg) GaAs/

AlAs T"-point superlattice at optimum doping concentration normalized to
that of bulk GaAs calculated foF=300 K. The inset shows the density of
states for electrons as a function of energy relative to the conduction-band
“Potential barrier height. Data taken from Ref. 17. edge AE) for the selected superlatticgsl,= 20 (solid line), 40 (short
dMaterial acting as quantum-well layer. dashed ling and 80(long dashed lingA, respectively as well as for bulk
“Bulk carrier mobilities for the quantum-well material at the pertinent sym- GaAs (dash-dotted ling See Table | for the band parameters used.

metry point. Data taken from Ref. 18.

®Data taken from Ref. 17.
®Number of equivalent carrier pockets.

X; andL subbands lie very close in energy in this superlat-
whole superlattice are calculated by summir§’s over all tice, and that the energy of, is about 50-60 meV lower
subbands, evaluated separately. We express the structureghn that of the other subbands. Even though the mobility for
the superlattice by denoting the GaAs and AlAs layer thick-the X-point carriers is rather lousee Table), we neverthe-
nessesl in terms of Agaaddaias)- less find that for all the structures considered in the present

Detailed modeling for the lattice thermal conductivity work for the (001) orientation(see below, the highesZ ;T
has been carried out elsewhere for a GaAs/AlASoccyrs for the(20 A/20 A) superlattice(see Fig. 3 The
superlatticé” Briefly, we find that the lattice thermal con- regylts in Fig. 3 show that although at low carrier concentra-
ductivity (xpn) for superlattices withtly,=dg , wheredy and  tions (<2x 1018 cm3) the highesZsT is obtained if only
dg are quantum-well and barrier-layer thicknesses, respegne I -point subband is occupied, we find tf&;T increases
tively, is reduced from the value for bulk GaA840 mW/  yith increasing carrier concentration, and that under optimal
cmK) to a value of 170 mW/em K for th€100 A/100 A goping conditionsZ,sT can be increased by occupation of
superlatticg(reduction by a factor of 2.6 relative to the value gther carrier pockets in the Brillouin zone wher>2
for bulk GaAs, and«y, is further reduced to 73 mW/em K 1018 cm~3. Assuming contributions from all the subbands,
for the (20 A/20 A) superlattice(factor of 6 reduction rela- 7. T of the superlattice is expected to peakZapT~0.41
tive to bulk GaA$ at room temperature. With these data for for n~6x 101 cm3.
«pn @S a function ofdy, the models for other transport €o- it is found that the relative subband energies forith
efficients are combined to calculate t#d for the whole  ang | carrier pockets are very sensitive to the GaAs and
superlattice. AlAs layer thicknesses for the superlattice. We have thus

We first show the result of the calculation where only theg|so calculated 5T for (30 A/20 A) and (20 A/30 A) su-
I'-point subband is assumed to be occupigenoted as the
I'-point superlattice, hereafjferShown in the Fig. 1 i€spT 10
for an equal thicknessd(y=dg) I'-point superlattice at the
optimal doping, normalized to the optimum value for the
bulk (ZT)p,i calculated similarly. The density of states for
electrons near the band edge is shown in the inset of Fig. 1 as
a function of energy for the selected superlattices used in the
calculation. It is noted thatAT),, for bulk GaAs is as
small as 0.0085 at the optimum carrier concentration,
whereasZ;,T for the (20 A/20 A) I'-point superlattice is
more than 0.1 at the optimum carrier concentrafigee Fig.
3), which is more than a ten times enhancemenZigT !
relative to the value for bulk GaAs. THé&-point assumption !
is valid for GaAs/AlAs superlattices witl,,>30 A or for '
GaAs/Al,_,GaAs superlattices witx<0.4.

Shown in Fig. 2a) is the calculated density of states for
all the subbands for €01)-oriented(20 A/20 A) superlat-  FIG. 2. Density of states for electrons in GaAs/AlAs superlattices as a
tice. By making a superlattice in this orientation, an energyfunction of energy relative to th& point of bulk GaAs calculated af
splting between the longitudinab() and the two tans- I ed I X (9 iched o (o 0 Bonei @
verse pockets),) is introduced for the three equivaledt  griented GaAs(20 A)/AIAs (20 A) superlattice. The degeneracy of each
point pockets in the 3D Brillouin zone. We find that the
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FIG. 3. Estimated3,T as a function of carrier concentration for(@021)-
oriented(20 A/20 A) superlattice(dotted ling, (001)-oriented(30 A/20 A)
superlattice(short-dashed line (001)-oriented (20 A/30 A) superlattice
(long-dashed ling and(111)-oriented(20 A/20 A) superlatticg(long-dash-
short-dash ling The solid line denoteZ,,T calculated for 20 A/20 A) T'-

point superlattice.

perlattices, as shown in Fig. 3. We find that thesubband
lies lowest in energy for &30 A/20 A) superlattice, for
which the calculate@,pT is lower than that for 420 A/20
A) superlattice at higher carrier concentrations3(x 10'8
cm %), but higher at lower carrier concentrations<3
x10*® cm™3). In the case of a20 A/30 A) superlattice
(long-dashed line in Fig.)3we find that the energy separa-
tions between thé&,, X; subbands and thE, L subbands
become larger compared to that for &9 A/20 A) super-
lattice. Therefore, we observe a moderate decreaZgjn
for this superlattice relative to th@0 A/20 A) superlattice.

It is a crucial question whether the heavy doping condi- J- O- Sofo and G. D. Mahan, Appl. Phys. Le#, 2690(1994.
tion (n>10'"° cm™®) is attainable in an actual GaAs/AlAs
superlattice. To address this issue, we have also exploreep. ;. Lin-Chung and T. L. Reinecke, Phys. Rev5B 13244(1995.
other superlattice orientations for which a higkyT may be
expected under moderate doping conditioms~6x 108
cm™3). Shown in Fig. 2b) is the calculated density of states
for a (111)-oriented(20 A/20 A) superlattice. In this struc-
ture, since all thd’, X, and L subbands lie very close in
energy, higheZpTs relative to the001)-oriented superlat-
tices are expected at lower carrier concentrations5 (
x 10'® cm™3). This superlattice structurésee Fig. 3 not
only yields as high &3pT value as for thé001)-oriented(20

A/20 A) superlattice at the optimal doping level, but we can,,

also expect a value &;;T~0.2 at moderate carrier concen-
trations (~5x 10 cm™3).

Koga et al.

In summary, it is found thaZspT, the calculated ther-
moelectric figure of merit for th&'-point superlattice could
be more than ten times higher than that for bulk GaAs. Con-
tributions from quantum wells at th& and L points in the
Brillouin zone, can further increas& by an additional fac-
tor of ~4. Variation of the superlattice parameters such as
the superlattice period, layer thicknesses, and the superlattice
growth direction to optimiz&spT predicts a value 0Z35T
~0.41 at room temperature for eithé001)- or (111)-
oriented superlattices under heavy doping conditiorS (

X 10* cm™ %), whereasZ,;T~0.2 is expected at moderate
carrier concentrations~5x 10'® cm™2) for a(111)-oriented
(20 A/20 A) superlattice. These values f@rpT are still
much greater than th&Ts for bulk GaAs ZT~0.0085 or
for the I'-point superlattice £;5T~0.1) at 300 K obtained
using the same basic models.
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