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

T. Koga,a) X. Sun, S. B. Cronin, and M. S. Dresselhausb)

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 superlattice,Z3DT, is
predicted for short-period GaAs/AlAs superlattices relative to bulk GaAs. Various superlattice
parameters~superlattice growth direction, superlattice period, and layer thicknesses! are explored to
optimizeZ3DT, including quantum well states formed from carrier pockets at various high symmetry
points in the Brillouin zone. The highest room-temperatureZ3DT obtained in the present calculation
is 0.41 at the optimum carrier concentration for either~001!- or ~111!-oriented GaAs~20 Å!/
AlAs ~20 Å! superlattices, which is about 50 times greater than the correspondingZT for bulk GaAs.
© 1998 American Institute of Physics.@S0003-6951~98!01546-0#
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There have been an increasing number of studies on
enhanced thermoelectric figure of meritZ (5S2s/k), where
S is the Seebeck coefficient,s is the electrical conductivity,
andk is the thermal conductivity, for a material in the for
of a multiple-quantum-well~MQW! structure.1–15 The most
popular strategy in this research area is to take advantag
the enhanced density of states for electrons near the F
level due to the reduced dimensionality.1–12 In this approach,
in-plane thermoelectric transport of the MQW sample sho
be enhanced due to the~1! enhanced Seebeck coefficie
relative to the bulk value at a given carrier concentration,~2!
enhanced electron carrier mobility due to thed- and
modulation-doping techniques, and~3! reduced lattice ther-
mal conductivity due to the boundary scattering of phono
at the barrier-well interfaces. It is, however, noted that
though a fairly large enhancement~by a factor of several! in
ZT is expected within the quantum well,1–5 there has been
little work on predicting a large enhancement inZT for the
whole superlattice.

In this letter, we first show that the quantum-well a
proach is indeed effective in enhancingZT for the whole
superlattice using a GaAs/AlAsG-point quantum-well super
lattice, where we assume that only theG-point subband is
occupied by electrons. Second, we show the possibility
another degree of freedom to enhanceZT, i.e., the possibility
of varying the relative contributions ofG-, X-, and L-point
carriers to further enhanceZT by changing the superlattic
parameters such as the superlattice growth direction, su
lattice period, and layer thicknesses. We emphasize
these calculations pertain to the three-dimensional~3D! fig-
ure of merit from the superlattice, denoted byZ3DT.

The calculation of the energy dispersion relation alo
the superlattice axis (z axis! was carried out at each hig
symmetry point (G, X, and L points! in the Brillouin zone
using a plane-wave approximation with an appropri
boundary condition~Krönig–Penny model!.16 Requiring the
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condition that the particle current should be conserved at
barrier-well interfaces, we apply the boundary conditio
CGaAs5CAlAs and (dCGaAs/dz)/mz(GaAs)5(dCAlAs /dz)/
mz(AlAs) at the GaAs/AlAs interface, whereCGaAs andCAlAs

denote the electron wave function in the GaAs and Al
layers, respectively, andmz(GaAs) andmz(AlAs) are thez com-
ponents of the effective mass tensor for the GaAs and A
layers, respectively. The conduction-band offsets at e
symmetry point are calculated using the experimentally
termined empirical relationDEc /DEg50.68,17 whereDEc is
the conduction- band offset at theG point, andDEg is the
difference in the direct energy-band gap at theG point be-
tween GaAs and AlAs. The in-plane components of t
effective-mass tensor are calculated by projecting the
constant energy surface for the well material on to the pl
of the quantum wells. It is noted that for the band offse
calculated in this way theG andL point quantum wells, and
theX point quantum wells are formed within the GaAs laye
and within the AlAs layers, respectively, so that we can
fectively separate the carriers in different carrier pockets
real space to minimize the intervalley scattering, which
also favorable for achieving highZ. We tabulate the band
parameters used in the present calculation from Refs. 17
18 in Table I .

The transport coefficients (s, S, andke) for the whole
superlattice~SL! are calculated using textbook equations
terms of theL (a) functions defined elsewhere.19 The L (a)

functions for the case of a single-band two-dimensional~2D!
quantum well~denoted byL2D

(a)) are evaluated in Ref. 5 usin
the approximations of a constant relaxation time and a p
bolic energy dispersion relation. For superlattice samp
which have an energy dispersion along thez axis, we evalu-
ateLSL

(a) by

LSL
~a!~z!5r2D

21E L ~2D!
~a! ~z2«!

]r~«!

]«
d«, ~1!

wherer(«) is the density of states as a function of energy
the whole superlattice for the pertinent subband andr2D is
the density of states for the pertinent quantum well if it h
only a single subband and no band broadening (r2D

5(mt(2D)ml (2D))
1/2/pdW\2). The LSL

(a) functions for the

-
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whole superlattice are calculated by summingLSL
(a)s over all

subbands, evaluated separately. We express the structu
the superlattice by denoting the GaAs and AlAs layer thi
nessesd in terms of (dGaAs/dAlAs).

Detailed modeling for the lattice thermal conductivi
has been carried out elsewhere for a GaAs/Al
superlattice.20 Briefly, we find that the lattice thermal con
ductivity (kph) for superlattices withdW5dB , wheredW and
dB are quantum-well and barrier-layer thicknesses, resp
tively, is reduced from the value for bulk GaAs~440 mW/
cm K! to a value of 170 mW/cm K for the~100 Å/100 Å!
superlattice~reduction by a factor of 2.6 relative to the valu
for bulk GaAs!, andkph is further reduced to 73 mW/cm K
for the ~20 Å/20 Å! superlattice~factor of 6 reduction rela-
tive to bulk GaAs! at room temperature. With these data f
kph as a function ofdW , the models for other transport co
efficients are combined to calculate theZT for the whole
superlattice.

We first show the result of the calculation where only t
G-point subband is assumed to be occupied~denoted as the
G-point superlattice, hereafter!. Shown in the Fig. 1 isZ3DT
for an equal thickness (dW5dB) G-point superlattice at the
optimal doping, normalized to the optimum value for t
bulk (ZT)bulk calculated similarly. The density of states f
electrons near the band edge is shown in the inset of Fig.
a function of energy for the selected superlattices used in
calculation. It is noted that (ZT)bulk for bulk GaAs is as
small as 0.0085 at the optimum carrier concentrati
whereasZ3DT for the ~20 Å/20 Å! G-point superlattice is
more than 0.1 at the optimum carrier concentration~see Fig.
3!, which is more than a ten times enhancement inZ3DT
relative to the value for bulk GaAs. TheG-point assumption
is valid for GaAs/AlAs superlattices withdW.30 Å or for
GaAs/Al12xGaxAs superlattices withx,0.4.

Shown in Fig. 2~a! is the calculated density of states f
all the subbands for a~001!-oriented~20 Å/20 Å! superlat-
tice. By making a superlattice in this orientation, an ene
splitting between the longitudinal (Xl) and the two trans-
verse pockets (Xt) is introduced for the three equivalentX-
point pockets in the 3D Brillouin zone. We find that theG,

TABLE I. Band parameters at various high symmetry points for GaAs
AlAs. The offset energy denotes the energy of the bottom of the quan
wells that are formed at each symmetry point relative to theG point of bulk
GaAs.

Band Parameter G point X point L point

@mt /m#GaAs
a 0.067 0.23 0.0754

@ml /m#GaAs
a

¯ 1.3 1.9
@mt /m#AlAs

a 0.150 0.19 0.0964
@ml /m#AlAs

a
¯ 1.1 1.9

Nb 1 3 4
U0 ~eV!c 1.084 0.242 0.132
QW layerd GaAs AlAs GaAs
m (cm2/V s!e 3000 180 950
Offset energy~eV!a 0 0.234 0.284

aData taken from Ref. 17.
bNumber of equivalent carrier pockets.
cPotential barrier height. Data taken from Ref. 17.
dMaterial acting as quantum-well layer.
eBulk carrier mobilities for the quantum-well material at the pertinent sy
metry point. Data taken from Ref. 18.
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Xt andL subbands lie very close in energy in this superl
tice, and that the energy ofXl is about 50–60 meV lower
than that of the other subbands. Even though the mobility
the X-point carriers is rather low~see Table I!, we neverthe-
less find that for all the structures considered in the pres
work for the~001! orientation~see below!, the highestZ3DT
occurs for the~20 Å/20 Å! superlattice~see Fig. 3!. The
results in Fig. 3 show that although at low carrier concent
tions (,231018 cm23) the highestZ3DT is obtained if only
theG-point subband is occupied, we find thatZ3DT increases
with increasing carrier concentration, and that under optim
doping conditions,Z3DT can be increased by occupation
other carrier pockets in the Brillouin zone whenn.2
31018 cm23. Assuming contributions from all the subband
Z3DT of the superlattice is expected to peak atZ3DT;0.41
for n;631019 cm23.

It is found that the relative subband energies for theG, X
and L carrier pockets are very sensitive to the GaAs a
AlAs layer thicknesses for the superlattice. We have th
also calculatedZ3DT for ~30 Å/20 Å! and ~20 Å/30 Å! su-

d
m

-

FIG. 1. Plot of the ratio ofZ3DT for an equal thickness (dW5dB) GaAs/
AlAs G-point superlattice at optimum doping concentration normalized
that of bulk GaAs calculated forT5300 K. The inset shows the density o
states for electrons as a function of energy relative to the conduction-b
edge (DE) for the selected superlattices@dW5 20 ~solid line!, 40 ~short
dashed line!, and 80~long dashed line! Å, respectively# as well as for bulk
GaAs ~dash-dotted line!. See Table I for the band parameters used.

FIG. 2. Density of states for electrons in GaAs/AlAs superlattices a
function of energy relative to theG point of bulk GaAs calculated atG
~short-dashed line!, X ~long-dashed line!, and L ~solid line! points: ~a! a
~001!- oriented GaAs~20 Å!/AlAs ~20 Å! superlattice and~b! a ~111!-
oriented GaAs~20 Å!/AlAs ~20 Å! superlattice. The degeneracy of eac
type of carrier pocket is indicated in parentheses.
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perlattices, as shown in Fig. 3. We find that theG subband
lies lowest in energy for a~30 Å/20 Å! superlattice, for
which the calculatedZ3DT is lower than that for a~20 Å/20
Å! superlattice at higher carrier concentrations (.331018

cm23), but higher at lower carrier concentrations (,3
31018 cm23). In the case of a~20 Å/30 Å! superlattice
~long-dashed line in Fig. 3!, we find that the energy separa
tions between theXl , Xt subbands and theG, L subbands
become larger compared to that for the~20 Å/20 Å! super-
lattice. Therefore, we observe a moderate decrease inZ3DT
for this superlattice relative to the~20 Å/20 Å! superlattice.

It is a crucial question whether the heavy doping con
tion (n.1019 cm23) is attainable in an actual GaAs/AlA
superlattice. To address this issue, we have also expl
other superlattice orientations for which a highZ3DT may be
expected under moderate doping conditions (n;531018

cm23). Shown in Fig. 2~b! is the calculated density of state
for a ~111!-oriented~20 Å/20 Å! superlattice. In this struc
ture, since all theG, X, and L subbands lie very close in
energy, higherZ3DTs relative to the~001!-oriented superlat-
tices are expected at lower carrier concentrations (;5
31018 cm23). This superlattice structure~see Fig. 3! not
only yields as high aZ3DT value as for the~001!-oriented~20
Å/20 Å! superlattice at the optimal doping level, but we c
also expect a value ofZ3DT;0.2 at moderate carrier concen
trations (;531018 cm23).

FIG. 3. EstimatedZ3DT as a function of carrier concentration for a~001!-
oriented~20 Å/20 Å! superlattice~dotted line!, ~001!-oriented~30 Å/20 Å!
superlattice~short-dashed line!, ~001!-oriented ~20 Å/30 Å! superlattice
~long-dashed line!, and~111!-oriented~20 Å/20 Å! superlattice~long-dash-
short-dash line!. The solid line denotesZ3DT calculated for a~20 Å/20 Å! G-
point superlattice.
-
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In summary, it is found thatZ3DT, the calculated ther-
moelectric figure of merit for theG-point superlattice could
be more than ten times higher than that for bulk GaAs. C
tributions from quantum wells at theX and L points in the
Brillouin zone, can further increaseZ3D by an additional fac-
tor of ;4. Variation of the superlattice parameters such
the superlattice period, layer thicknesses, and the superla
growth direction to optimizeZ3DT predicts a value ofZ3DT
;0.41 at room temperature for either~001!- or ~111!-
oriented superlattices under heavy doping conditions (;5
31019 cm23), whereasZ3DT;0.2 is expected at moderat
carrier concentrations (;531018 cm23) for a ~111!-oriented
~20 Å/20 Å! superlattice. These values forZ3DT are still
much greater than theZTs for bulk GaAs (ZT;0.0085! or
for the G-point superlattice (Z3DT;0.1! at 300 K obtained
using the same basic models.
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