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On Electronic Structure Engineering and Thermoelectric
Performance

CHANGWOOK JEONG1,2 and MARK LUNDSTROM1

1.—Network for Computational Nanotechnology, Birck Nanotechnology Center, Purdue Univer-
sity, West Lafayette, IN, USA. 2.—e-mail: jeongc@purdue.edu

In this paper, we address the question of how to engineer the electronic
structure to enhance the performance of a thermoelectric material. We
examine several different materials and show that all of them, even those for
which giant Seebeck coefficients have been predicted, display a value that is
expected from conventional thermoelectric theory. For molecular thermo-
electrics, we show that the detailed lineshape plays an important role. Finally,
using III–V alloy semiconductors as a model system, we explore the role of
electronic structure in the Seebeck coefficient, electrical conductivity, and
power factor. In the process, some general guidelines for engineering the
electronic component of thermoelectric performance are identified.

Key words: Band-structure engineering, AlGaAs alloy, graphene, molecule,
thermoelectric

INTRODUCTION

The dimensionless figure of merit, ZT ¼ S2GT
�

K ;
is the primary material parameter governing the
maximum thermoelectric (TE) efficiency, where T is
temperature, S is the Seebeck coefficient, G is the
electrical conductance, and K is the thermal con-
ductance, which is the sum of the electronic contri-
bution, Ke; and the lattice thermal conductance, Kl.
For a single, parabolic band material, the Fermi
level (EF) is positioned near the bottom of the con-
duction band due to the balance between S and G.
Most recent improvements in ZT have been
achieved by phonon engineering to reduce the lat-
tice thermal conductivity.1–3 The question of how to
improve the electronic performance is now an
important one.4–11

Significant improvements in S have been pre-
dicted and reported for several different materials.
For example, an enhanced S has been achieved
by engineering the density of states (DOS) in bulk
Tl-PbTe4, the LAST [(PbTe)1�x(AgSbTe2)x] system,5

and La3�xTe4,6 and giant Seebeck coefficients have

been predicted for nanostructured graphene7 and
for appropriately engineered molecules.8 These
examples all seek to enhance performance by
achieving a delta-function-like DOS. A clear
understanding of how electronic structure affects
the S and G of a material is essential for developing
materials with enhanced power factors (PF) and is
the subject of this paper.

In this paper, we:

1. Examine a wide variety of thermoelectric (TE)
materials for which large Seebeck coefficients
have been predicted.

2. Demonstrate that the Seebeck coefficient for each
of them can be explained within the conven-
tional, single-particle framework and show that
most materials display similar S versus EF

characteristics.
3. Show for molecular thermoelectrics that the

detailed shape of the transmission plays an
important role.

4. Use AlxGa1�xAs as a model system to explore
the role of electronic structure and signifi-
cant enhancement in electronic performance is
observed due to nonmonotonic behavior of S(EF).

5. Present general guidelines to enhance the elec-
tronic performance of TE devices.

(Received May 14, 2010; accepted January 19, 2011;
published online February 19, 2011)

Journal of ELECTRONIC MATERIALS, Vol. 40, No. 5, 2011

DOI: 10.1007/s11664-011-1533-0
� 2011 TMS

738



APPROACHES

Our approach, based on the Landauer formalism,
is equivalent to the conventional Boltzmann trans-
port equation (BTE) approach,12 but it adds physical
insight and is applicable to quantum-engineered
structures as well as to bulk materials.13,14

We begin with a brief review of conventional
thermoelectric theory and the Landauer formalism.
According to conventional thermoelectric theory,15

integrating the contributions of each energy chan-
nel, we find the total S as

S ¼ kB

q

� � Zþ1

�1

E� EF

kBT

� �
G Eð Þ

G
dE: (1)

This expression can be alternatively expressed as

S ¼ � EC � EF þ Dnð Þ
qT

; (2)

with

Dn ¼
Zþ1

�1

E� ECð ÞG Eð Þ
G

dE; (3)

where Dn represents the average energy of charge
carriers above the conduction band edge (EC). This
expression suggests that all materials should dis-
play similar S versus EF characteristics within a
framework of conventional TE theory and that the
band structure should only affect Dn. For an ideal
single channel, Dn = 0, while for nondegenerate
materials with parabolic energy bands and constant
mean free path (MFP), Dn ¼ 2kBT:

To evaluate the Seebeck coefficient, we need to
calculate G(E). Within the Landauer formalism,
G(E) is given as14

G Eð Þ ¼ 2q2

h
TðEÞ �@f0

@E

� �
; (4)

with
�TðEÞ ¼ TðEÞMðEÞ; (5)

being the transmission, and M(E) the number of
conducting channels. For a conductor of length L, and
MFP for backscattering, k Eð Þh ih i; T Eð Þ is given as

T Eð Þ ¼ k Eð Þh ih i=L (6)

in the diffusive limit. For some common scattering
mechanisms, k Eð Þh ih i can be expressed in power-law
form as k Eð Þh ih i ¼ k0 E=kBTð Þr; where k0 is a con-
stant, E is the kinetic energy, and r is the charac-
teristic exponent describing a specific scattering
process. If we consider a single parabolic conduction
band, E ¼ �h2k2

.
2m�; then M(E) for three dimen-

sions (3D) is

M Eð Þ ¼ A
m�DOM

2p�h2
E� ECð Þ; (7)

where the density-of-modes effective mass, m�DOM, is
just m* for a single, spherical band. For ellipsoidal
energy bands, m�DOM for each equivalent ellipsoid isffiffiffiffiffiffiffiffiffiffiffiffiffi

m�ym�z
p

with the direction of current flow being

along the x-direction.14 Procedures for evaluating
M(E) from the full band electronic dispersion have
been given in Ref. 14.

To explore how the electronic structure can be
engineered to enhance performance, three TE
devices are examined:

1. Graphene superlattice,7 for which a 30 mV/K
Seebeck coefficient was predicted. �TðEÞ is evalu-
ated using the transfer matrix method.

2. A single-molecule device,8 in which transmission
engineering gives rise to a huge increase in S.
�TðEÞ is taken from the original paper.

3. Ternary materials such as AlxGa1�xAs, AlxGa1�xSb,
AlxIn1�xAs, and GaAs1�xPx, which are good
examples to illustrate the effect of the electronic
structure on TE coefficients because

– the band-splitting, DE, and effective masses for
C, L, and X valleys depend on the Al content.16

– the effective masses of L and X valleys are �10
times larger than the effective mass of C valley.

– At x = 0.42, all valleys are degenerate, and the
thermal conductivity is minimum, being 5 and
10 times smaller than the thermal conductivity
for GaAs and AlAs, respectively.

RESULTS

Our goal is to discuss, in a single-particle
framework, how electronic structure can be engi-
neered to enhance the electronic component of TE
performance.

Figure 1a shows the transmission of an infinite
graphene sheet and a graphene superlattice (SL).7

The transmission for graphene is linearly propor-
tional to energy.17 Since graphene is a zero-gap
material, there is a sizable contribution from the
valence band. Therefore, the expected maximum S
(Smax) is only about 100 lV/K. To enhance the
Seebeck coefficient, a transmission gap is created by
making a periodic graphene p-n junction electro-
statically, as shown in Fig. 1a.7 S is evaluated by
the full integral formula (Eq. 1), rather than the
simplified Mott formula. Figure 1b compares the
S versus EF characteristics of graphene and a
graphene SL. It turns out that the predicted
30 mV/K at 300 K is a mathematical artifact caused
by inappropriate use of the Mott formula and that
the superlattice is no better than graphene.

Significant enhancement in S in single-molecule
devices was also predicted by engineering trans-
mission, as shown in Fig. 2a.8 Figure 2a shows the
transmission for a 1,4-biphenyldithiol (BPDT) mol-
ecule, for which Smax is found to be �10 lV/K. This
low value is attributed to the relatively flat trans-
mission near the Fermi level, which is in the lowest
unoccupied molecular orbital (LUMO)–highest
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occupied molecular orbital (HOMO) bandgap region.
To enhance S, a very sharp transmission is desir-
able near the Fermi level. Engineering the trans-
mission is done by putting a side-group on the
CSW-470-bipyridine (CSW) molecule, which creates
very sharp Fano resonance.8 In Fig. 2b, the results
of BPDT and CSW molecules are compared. Com-
pared with BPDT, CSW shows a huge improvement
in S.

DISCUSSION

Questions that will be addressed are:

1. How close are the results for a graphene SL and
single molecules to common TE semiconductors?
Can all of these be understood within the tradi-
tional thermoelectric theory?

2. Why does the Seebeck coefficient for the CSW
molecule with the sharp transmission deviate
from the single-level model?

3. How can the electronic structure be engineered
for maximum TE performance?

The results for graphene, a graphene SL, and a
single molecule are compared with common TE
semiconductors in Fig. 3. Nanostructured graphene
SLs, and an appropriately engineered molecule
device display similar S(EF) characteristics to com-
mon semiconductor materials, as expected from
Eq. 2. The predicted giant S for a CSW molecule is
actually what is expected from a single-level model.
For a given Fermi level, the 3D bulk results have a
somewhat higher S than the ideal single-level model
because, in 3D, energy states are spread out.

It is interesting that S for the CSW molecule
deviates from a single-level model when EF is far
below the level. The actual Seebeck coefficient is
reduced below what we expect from the single-level
model by a factor of 30, though the CSW molecule
has a very sharp transmission that looks almost like
an ideal delta function, as shown in Fig. 2a. This is
because the CSW molecule transmission has a finite
linewidth with a shape that is actually described by
a Lorentzian model where transmission is propor-
tional to E2. This energy dependency is important
because most of the charge and heat flow occurs at
the Fermi Level, not at the position of the trans-
mission peak, when EF is far below the level. In the
single-level model, however, all charge and heat
should flow at the single channel, no matter
where the Fermi level is located. To illustrate the
importance of the detailed transmission shape, we
compare the results for Gaussian-shaped and
Lorentzian-shaped transmissions, as shown in
Fig. 4. The results for a Gaussian lineshape, shown
by the dashed line, follow exactly the single-level
model, albeit with large standard deviation. The
Seebeck coefficient for a Lorentzian lineshape,
however, shows degradation from the single-level
model, and the maximum Seebeck coefficient
depends on the value of the standard deviation.

Since all materials examined so far display simi-
lar Seebeck coefficient behavior, it is essential to
consider other approaches for enhancing S by elec-
tronic structure engineering. Using ideas similar to
those of Ref. 4, it will be shown that enhancing
the electronic component of TE performance is
possible even in common semiconductors such as
AlxGa1�xAs, just by changing the Al content.

For varying content of Al, relevant parameters
are taken from Ref. 16, and linear interpolation
is used for unknown parameters. Although the

Fig. 1. For graphene and a graphene SL: (a) transmission, and
(b) the S versus EF characteristic.

Fig. 2. For a BPDT molecule and a CSW molecule: (a) transmission,
and (b) the S versus EF characteristic.

Fig. 3. The results for graphene, a graphene SL, and a single mol-
ecule compared with common TE semiconductors.
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scattering parameters generally depend on the
location of the Fermi level, the average MFP,

k Eð Þh ih i; is assumed to be energy independent, k0;
because calculations with the constant k0 approxi-
mation14 turned out to be in good agreement with
experiments over a wide range of doping densities
(or EF level) for common semiconductors. (Others
have found similarly good agreement with experi-
mental data by solving the BTE in the constant
relaxation time approximation.18,19) As shown in
Fig. 5, calculations with a constant mean free path
(black dashed line) match well with experiments
over the range of EF of interest, also capturing well
the maximum value of the PF. The constant k0 is
estimated as follows. Firstly, ki for each valley i is
calculated using the 3D expression for MFP for
backscattering.14

ki ¼
4

3
tTsi ¼

4

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ckBT

pq2

s

li; (8)

with li and m�c being the experimentally determined
mobility and the conductivity effective mass,
respectively.20 The overall k0 is estimated by
weighting ki in each valley by the electron popula-
tion density of the ith valley, ni.

21

k0 ¼
X

i valley

niki

,
X

i valley

ni: (9)

Figure 5 compares the calculation of ZT for GaAs
(x = 0 in AlxGa1�xAs) with the best-fit k0 and Eq. 9.
Although Eq. 9 underestimates the experimental
results by about 50%, this does not affect the com-
parison of AlxGa1�xAs alloy with pure GaAs and
AlAs. The comparisons are the subject of this study.
It is also assumed that the upper limit of the doping
density is 5 9 1018 cm�3.

For each Al content, the optimum position of
the Fermi level (doping density) is determined for

maximum ZT. The resulting optimum TE parame-
ters (S, G, K, PF, ZT) are shown in Fig. 6. Com-
paring with GaAs (x = 0), a 5 times enhancement in
PF and 10 times enhancement in ZT are predicted
at x = 0.28 and 0.29, respectively. Interestingly,
maximum ZT is not achieved at an Al concentration
of 0.42 where all valleys are degenerate and the
thermal conductivity is minimum. When x ‡ 0.06,
the optimum doping density for maximum ZT is the
maximum allowed doping of 5 9 1018 cm�3, which
causes S(G) suddenly to decrease (increase) at
x = 0.06. The reason why S(G) gradually increases
(decreases) at x ‡ 0.06 is that nonmonotonic
behavior of S versus EF is noticeable, as shown in
Fig. 7b and c.

Figure 7 shows S, G, and PF versus Fermi level
for Al contents of 0, 0.17, 0.28, and 0.42. For pure
GaAs (x = 0), a conventional monotonic S(EF) is
observed up to EF = 5kBT, at which the Seebeck
coefficient starts increasing again with EF due to
the L valley contribution. Also the optimum doping
density is below the maximum allowed doping of
5 9 1018 cm�3. At x = 0.17 and x = 0.28, the non-
monotonic S(EF) characteristic becomes prominent,
giving rise to high S and PF at the degenerate limit,
whereas the totally degenerate condition (x = 0.42)
does not show enhancement in PF, mainly due
to low mobility. This nonmonotonic S was also
reported in bulk Tl-PbTe4. Note that the upper limit
of doping density, shown by the dashed line, is the
optimum doping density for maximum PF at
x = 0.17, x = 0.28, and x = 0.42.

The DOS at x = 0.17 and x = 0.28 are shown in
Fig. 8. The band-splitting (DE) between C and L is 5
to 7 times kBT, and the effective density-of-states
mass m�DOS

� �
and density-of-modes mass m�DOM

� �
for

the L valley are 7 and 20 times larger than for the C
valley, respectively. The L valley with heavy effec-
tive mass is analogous to the resonant states in
bulk Tl-PbTe4. To find a general guideline for the
effective mass ratio m�2

�
m�1

� �
between the lower m�1

� �

Fig. 4. Comparison of the results for Gaussian-shaped and
Lorentzian-shaped transmission with respect to the standard
deviation (r).

Fig. 5. Calculation of ZT for GaAs (x = 0 in AlxGa1�xAs) with the
best-fit k0 and Eq. 9, compared with experimental results.24
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and upper valley m�2
� �

and band-splitting (DE) to
achieve maximum PF, two simple parabolic bands
case are studied. Unlike AlxGa1�xAs, in this simple
model, the effective mass ratio and band-splitting
(DE) can be varied without constraint.

Calculation of the maximum PF for the simple
two-band model is shown in Fig. 9a, where the
results are normalized by the maximum PF
obtained for the one-band case. Similar to the case
of AlxGa1�xAs with x = 0.28, an increase in PF of
about 5 times is achieved when m�2

�
m�1 ¼ 10 and

DE � 5kBT. As shown in Fig. 9b, a nonmonotonic S
versus EF behavior is also observed at the maximum
PF condition.

Figure 10 shows under which condition nonmon-
otonic S occurs. The band splitting between the two
bands is kept at 5kBT, and we examine the effects of
effective mass of the upper band on the S versus EF

characteristics. Nonmonotonic behavior of S starts
appearing when the effective mass ratio is larger
than 5 as shown in Fig. 10a. In Fig. 10b, the band

splitting varies, with m�2
�

m�1 kept at 10. In the case
where the band splitting is above 4kBT, nonmono-
tonic behavior of S is observed. When the two bands
are very close, their S follows conventional ther-
moelectric theory.

Generally, the higher m�2
�

m�1 is, the better the PF,
because higher m�2

�
m�1 is desirable for nonmono-

tonic S(EF). For maximum PF, a certain amount of
band splitting (DE) is needed for both nonmonotonic
S(EF) and suppression of scattering, which is due to
the fact that our model assumes that the scattering
rates increase with the DOS. This is the case for
phonon-dominated scattering and scattering from a
delta-function-like perturbing potential such as for
defects.22 Considering a typical doping limit,23 the
optimum band-splitting might be on the order of
5kBT.

Fig. 6. (a) Optimum S, G, and K, and (b) PF and ZT with respect to Al content.

Fig. 7. S, G, and PF versus Fermi level for Al content of (a) 0,
(b) 0.17, (c) 0.28, and (d) 0.42.

Fig. 8. Density of states at (a) x = 0.17 and (b) x = 0.28.

Fig. 9. (a) Calculation of maximum PF for the simple two-band
model, normalized by the maximum PF obtained for the one-band
case. (b) S versus EF characteristics at the maximum PF condition.
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CONCLUSIONS

It is shown herein that most materials display a
similar monotonic behavior of S versus EF, but for
molecular thermoelectrics, the detailed lineshape of
the transmission plays an important role. In the
AlxGa1�xAs material system, an increase in PF of
5 times and in ZT of 10 times is possible because of
the nonmonotonic S behavior, which maintains high
S at high carrier densities, resulting in high PF.
This result is similar to the behavior reported for
bulk Tl-PbTe4. This increase only happens when
multiple bands are engineered in an appropriate
way. General guidelines for electronic structure
engineering are as follows: (1) an upper band with a
heavy m* (equivalently, sharp resonant states) is
needed, and (2) the minimum of the upper band
must be about 5kBT above the lower, dispersive

band. The appropriate band structure may be
achieved with an alloy of the proper composition (as
discussed herein), by the introduction of resonant
states (as discussed in Ref. 4) or by proper strain
engineering.
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