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We report two-dimensional Seebeck coefficients ��S�2D� of ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�20

�x=1–60, y=1–20� superlattices, which were grown on the �100� face of insulating LaAlO3

substrates to clarify the origin of the giant �S�2D values of the SrTiO3 superlattices �H. Ohta et al.,
Nat. Mater. 6, 129 �2007��. The �S�2D values of the ��SrTiO3�17/ �SrTi0.8Nb0.2O3�y�20 superlattices
increased proportionally to y−0.5 and reached 320 �V K−1 �y=1�, which is approximately five times
larger than that of the SrTi0.8Nb0.2O3 bulk ��S�3D=61 �V K−1�. The slope of the log�S�2D-log y plots
was −0.5, proving that the density of states in the ground state for SrTiO3 increases inversely
proportionally to y. The critical barrier thickness for quantum electron confinement was also
clarified to be 6.25 nm �16 unit cells of SrTiO3�. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2809364�

Two-dimensionally confined electrons in extremely nar-
row quantum wells �thickness �10 nm�, the latter being
composed of an electron pocket and a barrier, exhibit exotic
electron transport properties as compared to the correspond-
ing bulk materials due to the fact that the density of states
�DOS� near the bottom of the conduction band and/or top of
the valence band increases with decreasing thickness of the
electron pocket. This phenomenon is the well-known quan-
tum size effect, which has been widely applied in optoelec-
tronic devices such as light emitting diodes and laser diodes
based on GaAs �Refs. 1 and 2� and GaN.3

Utilization of the quantum size effect should also be ben-
eficial in obtaining high performance thermoelectric materi-
als. In 1993, Hicks and Dresselhaus4 theoretically predicted
that the thermoelectric figure of merit Z2DT �=S2�T�−1,
where Z2D, T, S, �, and � are figure of merit, absolute tem-
perature, Seebeck coefficient, electrical conductivity, and
thermal conductivity, respectively� of thermoelectric semi-
conductors can be dramatically enhanced by use of superlat-
tices, with electrons confined in the resulting quantum wells,
because the only effect is that the S value increases with
DOS without other values decreasing. Their prediction was
experimentally confirmed in that two dimensionally confined
electrons in 1.5-nm-thick electron pockets in a PbTe
�1.5 nm� /Pb0.927Eu0.073Te �45 nm� superlattice exhibit large
S2D values as compared to the corresponding PbTe bulk
�S2D/Sbulk�2�.5 Thus, the highest Z2DT can be realized if
conduction electrons are confined within the narrowest pos-
sible two-dimensional �2D� space, i.e., one unit cell layer.

Very recently, we briefly reported that a high density 2D
electron gas �2DEG�, which was confined within a unit cell
layer thickness �0.3905 nm� in SrTiO3, exhibited a giant

�S�2D, which was about five times larger than that of the bulk
SrTiO3, whereas the 2DEG system retained a rather high �2D
value.6,7 The 2DEG in SrTiO3/SrTi0.8Nb0.2O3 superlattices
may be a promising candidate for the next generation of
thermoelectrics because this system has several advantages
such as good environmental compatibility and high thermal
and chemical stability as compared to conventional thermo-
electric semiconductors such as Bi2Te3 and PbTe.8

For practical thermoelectric application of these super-
lattices, clarification of the SrTiO3 barrier thickness depen-
dence of the �S�2D value for SrTiO3/SrTi0.8Nb0.2O3 superlat-
tices is critically important because insulating SrTiO3 barrier
thickness must be minimized to improve effective Z3DT.
Here, we report the details of the giant �S�2D of the
SrTiO3/SrTi0.8Nb0.2O3 superlattices. We measured �S�2D val-
ues of ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�20 �x=1–60, y=1–20�
superlattices. The �S�2D value increased proportionally to
y−0.5 and reached 320 �V K−1 �x=17, y=1�, which is ap-
proximately five times larger than that of the SrTi0.8Nb0.2O3
bulk ��S�3D=61 �V K−1�. This is clear evidence that the ori-
gin of the giant �S�2D is 2D quantum confinement of conduc-
tion electrons in the SrTi0.8Nb0.2O3 layer. Further, we also
clarified that the critical barrier SrTiO3 thickness for quan-
tum confinement of conduction electrons is 6.25 nm �16 unit
cells of SrTiO3�.

Superlattices of ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�z �x
=0–60, y=1–20, z=20� were fabricated on the �001� face of
LaAlO3 substrates9 by pulsed laser deposition �KrF excimer
laser, �=248 nm, 20 ns, 10 Hz, and �1 J cm−2 pulse−1� at
950 °C in an oxygen atmosphere �oxygen pressure
PO2=1�10−3 Pa�. A SrTiO3 single crystal plate and a
SrTi0.8Nb0.2O3 ceramic were used as targets. During film
growth of the superlattices, the intensity oscillation of reflec-
tion high-energy electron diffraction �RHEED� spots
�Fig. 1�a� inset� was monitored to count the number of
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SrTiO3 or SrTi0.8Nb0.2O3 layers. Figure 1�a� shows the typi-
cal RHEED oscillation pattern during the growth of
��SrTiO3�17/ �SrTi0.8Nb0.2O3�1�24. The inset shows the mag-
nified oscillation pattern. RHEED intensity oscillations were
observed throughout the growth of the superlattices. Atomi-
cally flat terraces and steps, which correspond to a unit cell
height of SrTiO3, are clearly seen in the atomic force micro-
scopic �AFM� �Nanoscope E, Digital Instruments� image
�Fig. 1�b��, indicating that 2D growth occurred.

Satellite peaks due to superlattices are clearly observed
in the x-ray diffraction �XRD� �ATX-G, Rigaku Co.� patterns
of ��SrTiO3�17/ �SrTi0.8Nb0.2O3�y�z �y=1, 2, 4, 8, and 16�
�Fig. 2�a�� around the Bragg peak of 002 SrTiO3 �0�. Further,
the period of the superlattices, which was calculated from the
XRD patterns, corresponds well with those desired �Fig. 2�a�
inset�. Figure 2�b� shows a Cs-corrected high-angle angular
dark-field scanning transmission electron microscope
�HAADF-STEM� �JEOL-2100F�10 image of the
��SrTiO3�24/ �SrTi0.8Nb0.2O3�1�20 superlattice and a Ti–L2,3

edge electron energy loss spectral �EELS� profile. Stripe-
shaped contrast is clearly seen in the HAADF-STEM image.
Further, the image intensity at the Ti column in one unit cell
thickness of SrTi0.8Nb0.2O3 shows higher intensity than that
of the SrTiO3 barrier layer, and the Ti–L2,3 edge EELS from
the Nb-doped layer shows broad profiles in the arrowed
region,11 confirming that the doped Nb5+ ions and electrons
are exclusively confined in the SrTi0.8Nb0.2O3 layer. From
these results, we conclude that high-quality
��SrTiO3�17/ �SrTi0.8Nb0.2O3�y�z superlattices were success-
fully fabricated.

We then measured the carrier concentrations �ne� and
Hall mobilities ��Hall� of the superlattices at room tempera-
ture �300 K�; for the SrTi0.8Nb0.2O3 film, these were
4.3�1021 cm−3 and 5 cm2 V−1 s−1, respectively, while values
of the undoped SrTiO3 film were impossible to measure be-
cause of its low ne ��1015 cm−3�. The observed ne and �Hall

values of the superlattices are summarized in Table I. Since
the ne value of the SrTiO3 barrier layer is very low ��1015

cm−3�, the ne value of the SrTi0.8Nb0.2O3 layer of
��SrTiO3�x / �SrTi0.8Nb0.2O3�y�z is estimated to be neobs�x
+y� /y ��4�1021 cm−3�, agreeing well with that of the
SrTi0.8Nb0.2O3 film. Generally, the �S� value of a multilayered
film is given by ��S�i�xxi /��xxi,

12 where �S�i and �xxi are the
Seebeck coefficient and sheet conductivity of the ith layer,

respectively. In the present case, we directly measured S2D of
the SrTi0.8Nb0.2O3 layer, since �xxi of the SrTi0.8Nb0.2O3

layer is at least six orders of magnitude larger than that of the
SrTiO3 barrier layer.

FIG. 1. �Color online� �a� RHEED
intensity oscillation during the
film growth of the ��SrTiO3�17/
�SrTi0.8Nb0.2O3�1�24 superlattice. �b�
Topographic AFM image of the
superlattice film of ��SrTiO3�17/
�SrTi0.8Nb0.2O3�1�24. Atomically flat
terraced and stepped structures are
seen.

FIG. 2. �Color online� �a� Out-of-plane XRD patterns of
��SrTiO3�17/ �SrTi0.8Nb0.2O3�y�z superlattices �y=1, 2, 4, 8, and 16�. Intense
Bragg peak of the superlattices are seen together with the −2nd, −1st and
+1st satellites. The period of the superlattices corresponds well with that
desired �inset�. �b� HAADF-STEM image and Ti–L2,3 edge EELS profile.
The image intensity at the Ti column in a one unit cell thickness of
SrTi0.8Nb0.2O3 shows higher intensity than that of the SrTiO3 barrier layer,
and the Ti–L2,3 edge EELS from the Nb-doped layer shows a broad profile
in the arrowed region, confirming that the doped Nb5+ ions and electrons are
exclusively confined in the SrTi0.8Nb0.2O3 layer.
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The �S�2D values of the ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�z

superlattices were measured at room temperature by a con-
ventional steady state method, introducing a temperature gra-
dient in the in-plane direction. Figure 3�a� shows �S�2D-y
plots for ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�z superlattices. A dra-
matic increase of �S�2D is seen with decreasing y-value. When
y is 1, �S�2D reaches 320 �V K−1, which is approximately
times larger than that of the SrTi0.8Nb0.2O3 bulk
��S�3D=61 �V K−1�. The slope of the plot of log�S�2D versus
log y is −0.5, as shown in the inset, most likely suggesting
DOS�E��y−1.0, where E is the ground state energy, which for
the quantum well is given by E= �h2 /2md

���	 /Lz�2,13 where

h, md
�, and Lz are the Planck constant, DOS effective mass,

and width of the quantum well, respectively. Since the md
�

value of SrTiO3 is 7m0,14–16 we obtained E values of 352 and
1.4 meV using Lz values of 0.3905 nm �y=1� and 6.248 nm
�y=16�, respectively. DOS�E� at the ground state for y=1,
which is given by �1/2	2��2md

� /h2�3/2�E, is estimated to be
7.5�1022 cm−3 eV−1, 16 times larger than that for y=16
�4.7�1021 cm−3 eV−1�. We conclude that the dramatic in-
crease in DOS�E� at the ground state is the origin of the giant
Seebeck coefficient.

Figure 3�b� shows �S�2D-x plots for ��SrTiO3�x /
�SrTi0.8Nb0.2O3�y�z �y=1, 2, and 4� superlattices. The �S�2D

value increases monotonically with x and saturates when
x
16 �6.25 nm� in all cases. Thus, we have successfully
clarified that the critical barrier thickness for electron tunnel-
ing in the ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�z superlattice is
6.25 nm �16 unit cell layers of SrTiO3�.

In summary, we have clarified the origin of the giant
2D-Seebeck coefficient ��S�2D� of ��SrTiO3�x /
�SrTi0.8Nb0.2O3�y�z superlattices. A dramatic increase in �S�2D

was observed with decreasing y value. When y was 1,
�S�2D reaches 320 �V K−1, which is approximately five times
larger than that of the SrTi0.8Nb0.2O3 bulk ��S�3D

=61 �V K−1�. The slope of the log�S�2D-log y plot was −0.5,
proving that the density of states at the ground state for
SrTiO3 increases inversely proportionally to y. The critical
barrier thickness for quantum electron confinement was also
clarified to be 6.25 nm �16 unit cells of SrTiO3�.
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TABLE I. Observed ne and �Hall values of the ��SrTiO3�17/
�SrTi0.8Nb0.2O3�y�20 superlattices at room temperature. The ne values of the
SrTi0.8Nb0.2O3 layer in ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�20 are estimated as
neobs�x+y� /y.

y
Observed ne

�1021 cm−3�
ne:Nb-doped

�1021 cm−3�
�Hall

�cm2 V−1 s−1�

1 0.22 4.0 6.3
2 0.27 3.0 6.8
4 0.66 3.1 5.6
8 1.1 3.4 5.1

16 2.0 4.2 5.3

FIG. 3. �Color online� �a� �S�2D-y plots for the ��SrTiO3�x /
�SrTi0.8Nb0.2O3�y�z superlattices. A dramatic increase of �S�2D is seen with
decreasing y. Plots of log�S�2D-log y are shown in the inset. �b� �S�2D-x plots
for ��SrTiO3�x / �SrTi0.8Nb0.2O3�y�z �y=1, 2, and 4� superlattices. Saturation
of the �S�2D value is seen when x
16 �6.25 nm� in all cases.
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