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Theoretical and experimental studies on Seebeck effect in EuTe /PbTe superlattices were performed.
Theoretical calculations, which take into account temperature dependent band gap, nonparabolicity,
and anisotropy of effective masses in the PbTe conduction band, were performed in the framework
of Boltzmann equation in which enhancement of Seebeck coefficient in EuTe /PbTe short-period
superlattices grown in �100� direction was predicted. The EuTe /PbTe short-period superlattices with
few monolayers EuTe were prepared on KCl �100� substrate and an enhanced Seebeck coefficient
was observed in these superlattices as expected by theoretical calculations. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2917482�

In low dimensional structure, an enhancement of the
thermoelectric figure of merit ZT=�S2T /�, where � is elec-
trical conductivity, S is Seebeck coefficient, and � is thermal
conductivity, was predicted and has been systematically
studied.1–9 The enhancement of ZT has been achieved
through the increase in Seebeck coefficient and decrease in
thermal conductivity. The decrease in thermal conductivity
by multiple-layer structure or quantum dot structure has been
reported and the enhancement of the ZT has been mainly
obtained through this effect.3–5 Hicks et al. reported the en-
hancement of Seebeck coefficient in PbEuTe /PbTe superlat-
tice system,2 and Harman et al. reported enhancement of
Seebeck coefficient in PbTe /PbTeSe quantum dot structure.3

The Seebeck effect in two-dimensional system is often dis-
cussed in terms of carrier concentration inside the quantum
wells.2,7 However, discussion of the Seebeck effect in terms
of carrier concentration averaged over the superlattice �SL�
volume is more realistic because the step height of the den-
sity of states depends on the SL period and the electrical
conductivity � is also directly related to the averaged carrier
concentration. High and steep density of states �DOS� is ef-
fective in increasing the Seebeck coefficient, while SL struc-
ture with very thin barrier layer is effective in increasing the
step height of the DOS. However, thin potential barrier
broadens the quantum subband, resulting in a moderate step
in the DOS. Short-period SLs combined with narrow-gap
and wide-gap semiconductors are useful to obtain steep den-
sity of states with large step height. In this letter, we describe
theoretical and experimental Seebeck coefficients of PbTe
based SLs and show that EuTe /PbTe �100� short-period SLs
with few monolyers of EuTe are useful to obtain enhanced
Seebeck coefficient.

Figures 1�a�–1�c� show the DOS of PbEuTe /PbTe
�10 nm /10 nm� �111�, EuTe /PbTe �0.75 nm /5 nm� �111�,
and EuTe /PbTe �0.66 nm /5 nm� �100� SLs. Carrier distribu-
tion n�E� in the SL and DOS in bulk PbTe are also shown in
these figures. Since PbTe has conduction band minima and
valence band maxima at L points of Brillouin zone with large
effective-mass anisotropies �ml /mt�10�, two kinds of quan-

tum states are formed by longitudinal valley along the SL
direction �denoted by 1l, 2l, etc.� and three equivalent valleys
oblique to the SL direction �denoted by 1o, 2o�.10 Total step
height of the two-dimensional density of states for all ob-
lique valleys is one order higher than that of the longitudinal
valley because the DOS effective mass of the oblique valley
is three times larger than that of the longitudinal valley. The
step heights of the two-dimensional densities of states in the
SL increase with the decrease in the SL period. Thus, high
steplike density of states is obtained in the short-period SL.
In �100� SL, all valleys have the same angle to the SL direc-
tion and the subband structure becomes simple with high
step in the density of states, as shown in the Fig. 1�c�. Kane-
type nonparabolicity � q2kikj /2mij =E�1+E /Eg� was as-
sumed in the calculation,10 and the two-dimensional density
of states increases proportionally to �1+2E /Eg�. Figure 2
shows a schematic band structure for the explanation of
Seebeck effect in PbTe based SL. Energy band gap of
PbTe strongly increases with the temperature and effective
masses of electrons proportionally increase to the band
gap.11 Seebeck coefficient of the material is given by S
= �1 /e�dEF /dT=−�1 /e�d�EC−EF� /dT+ �1 /e�dEC /dT, where
the EC−EF is a function of density of states and the dEC /dT
is determined by the balance between the thermal-diffusion
current and drift current. In the IV-VI semiconductor SL,
dEC /dT is also affected by the temperature dependence of
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FIG. 1. Densities of states in �a� PbEuTe /PbTe �10 nm /10 nm� �111� su-
perlattice, �b� EuTe /PbTe �0.75 nm /5 nm� �111� short-period superlattice
and �c� EuTe /PbTe �0.66 nm /5 nm� �100� short-period superlattice com-
pared to bulk density of states. Carrier distribution is also shown by a
dashed line in each figure.
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quantum levels due to temperature dependent effective
masses.11 The drift current density Jdrift and thermal-diffusion
current density Jthermal are derived from the Bolzmann equa-
tion, and given as

Jdrift = � e2
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Here, in-plane temperature gradient is taken in the x direc-
tion, � is the relaxation time of carriers, vx is the electron
velocity along the x direction, EzVm is the quantum level of
mth subband in Vth valley, and the summation is taken
over all subbands in all L-point valleys. We replaced electric
field Ex in conventional Boltzmann equation to �1 /e�d�EC

+EzVm� /dx, considering that the drift current comes from the
real-space gradient of quantum levels. Seebeck coefficient is
given by the balance between the drift and thermal-diffusion
currents and calculated by
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This equation can be used also for bulk materials if
dEzVm /dT term is removed and the summation is taken only
for four three-dimensional �111
 valleys. In the PbTe based
SLs, the value dEzVm /dT becomes negative owing to the in-
crease in effective masses with temperature, resulting in a
small thermal-diffusion current or a decrease in −dEC /dT.
On the other hand, the effective-mass variation increases the
d�EC−EF� /dT in the first term in Eq. �3�. In the previous
papers, the temperature dependence has never been consid-
ered, although it strongly affects the Seebeck coefficient. In
the Kane-type band structure, band edge effective masses are
proportional to the band gap and effective masses at energy
E measured from the band edge proportionally increase to
�1+2E /Eg�. This effective-mass variation can explain
interband-absorption properties of IV–VI based SLs.10 Next,
we describe the effect of growth direction on the Seebeck
coefficient. In the EuTe /PbTe �111� SL, bound quantum
state in the longitudinal valley is considerably lower than
that of oblique valley, resulting in relatively high electron
concentration in the longitudinal valley. The ratio of electron
concentration in the oblique valley compared to the longitu-
dinal valley increases at high temperature, which results in a
decrease in the average electron velocity along the x direc-
tion. Thus, the value −dEc /dT of the �111� SL becomes
smaller than that of the �100� SL, which results in a small
Seebeck coefficient of the �111� SL compared to the �100�
SL. Figure 3 shows theoretical dependence of Seebeck
coefficients on the carrier concentration for PbEuTe /PbTe

�10 nm /10 nm� �111� SL, PbEuTe /PbTe �10 nm /10 nm�
�100� SL, EuTe /PbTe �0.75 nm /5 nm� �111� SL,
EuTe /PbTe�0.66 nm /5 nm� �100� SL, and bulk PbTe. Band
gap of the PbEuTe was assumed to be 660 meV with the
conduction band offset of 170 meV. The conduction band
offset of the EuTe /PbTe heterojunction was assumed to be
1000 meV with the parameter used in Refs. 10 and 12. En-

FIG. 3. �Color online� Theoretical Seebeck coefficient of PbTe films,
PbEuTe /PbTe �10 nm /10 nm� �111� SLs, PbEuTe /PbTe �10 nm /10 nm�
�100� SLs, EuTe /PbTe �0.75 nm /5 nm� �111� SLs, and EuTe /PbTe
�0.66 nm /5 nm� �100� SLs calculated from Eq. �3�. Considerable enhance-
ment of Seebeck effect in the EuTe /PbTe �100� SLs is expected.

FIG. 2. Schematic band structure for the explanation of Seebeck effect of
PbTe based SL. Energy band gap of PbTe increases with temperature.
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ergy dependent relaxation time ��E−1/2 was used for the
calculation assuming dominant acoustic-phonon scattering.
Theoretical Seebeck coefficients of �100� SLs are higher than
those of �111� superlattices as predicted by Casian et al.8 and
considerably high Seebeck coefficient is expected in the
EuTe /PbTe �0.66 nm /5 nm� �100� SL.

EuTe /PbTe short-period SLs with 5 nm PbTe and 1–2
ML EuTe were prepared by hot wall epitaxy on KCl �100�
substrates by using PbTe, Eu, and Te as source materials.12

Substrate temperature during growth was 280 °C and total
thicknesses of the SLs were 1.5–4 �m. The film thickness
was calculated from the optical transmission spectrum mea-
sured by Fourier transform infrared spectroscopy. Carrier
concentration was obtained from Hall measurement by using
the equation RH=−� /en. In simple model for nondegenerate
semiconductors, � becomes 1.18 under predominant phonon
scattering. Real � depends also on effective-mass anisotropy,
carrier concentration, and nonparabolicity. The anisotropy
decreases the value about 20% under low magnetic field.13

Thus, �=1 was assumed as conventionally adopted within
the error of 20%. Seebeck coefficient was measured with
ZEM-2 �ULVAC-Riko�. The measurement was performed in
a helium atmosphere to decrease the temperature error. Tem-
perature difference between two thermocouples was applied
in 5 K. Seebeck coefficient was measured within the error of
10%. Figure 4 shows Seebeck coefficients of PbTe films ��:
work of Beyer et al.,14 �: this work�, EuTe /PbTe �100�
short-period SLs ��: this work�, and PbEuTe /PbTe
�45 nm /2 nm� SLs ��: work of Hicks et al.2�, compared to
the theoretical dependence calculated from Eq. �3�. The
carrier concentration in the horizontal axis is the averaged
value over the superlattice structure. The PbEuTe /PbTe

�45–2 nm� SL with a carrier concentration of 1
�1019 cm−3 inside the well has the averaged carrier concen-
tration around 4�1017 cm−3. Since overflow carriers into the
PbEuTe barrier layer are significant in the PbEuTe /PbTe
�45 nm /2 nm� SL, two kind of relaxation times were as-
sumed: Relaxation time of electrons in the quantum states
with EzVm	
EC was taken to be one-fifth of the relaxation
time of the electrons in the quantum well, taking into account
the electron mobility difference between the SL and PbEuTe
film. No modification was done for the relaxation time in
PbTe film and EuTe /PbTe superlattices, only assuming
��E−1/2. Excellent agreement between experimental and the-
oretical Seebeck coefficients were obtained, indicating con-
siderably high Seebeck coefficient in the EuTe /PbTe short-
period SLs compared with PbTe films and PbEuTe /PbTe
SLs.

In summary, theoretical calculation, which takes into ac-
count nonparabolicity and anisotropy of effective masses,
temperature dependence of band gap, and effective masses in
the PbTe conduction band, predicted enhanced Seebeck ef-
fect in the EuTe /PbTe �100� short-period superlattices. PbTe
films and EuTe /PbTe short-period superlattices were pre-
pared on KCl �100� by hot wall epitaxy and experimental
Seebeck effect was compared to the theoretical calculation.
Excellent agreement between the experimental and theoreti-
cal data was obtained, indicating considerably high Seebeck
coefficient in EuTe /PbTe short-period SLs compared to
PbTe films and PbEuTe /PbTe SLs.
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FIG. 4. �Color online� Comparison between theoretical and experimental
Seebeck coefficients for PbTe films ��: work of Beyer et al. �Ref. 14�, �:
this work�, PbEuTe /PbTe �45 nm /2 nm� �111� SLs ��: work of Hicks et al.
�Ref. 2��, and EuTe /PbTe �0.66 nm /5 nm� �100� SLs ��: this work�. Good
agreement between theoretical and experimental Seebeck coefficients was
obtained and significant increase in Seebeck coefficients compared to PbTe
films was obtained in the EuTe /PbTe �0.66 nm /5 nm� �100� SLs.
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