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Abstract

We have performed ferroelectric field effect experiments using an epitaxialheterostructure
composed of ferroelectricPb(Zr0.2Ti0.8)O3 and superconducting Nb-doped SrTiO3. The films
were prepared on (001) SrTiO3 substrates by off-axis radio-frequency magnetron sputtering
and pulsed-laser deposition. By switching the polarization field of the 500-Å-thick
Pb(Zr0.2Ti0.8)O3 layer, a large change of about 30% in resistivity and a 20% shift of Tc
(ΔTc∼0.05 K) were induced in the 400-Å-thick epitaxial Nb-doped SrTiO3 layer. The
relationship between Tc and the electrostatically modulated average carrier concentration can
be mapped onto the phase diagram of chemically doped SrTiO3
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We have performed ferroelectric field effect experiments using an epitaxial heterostructure
composed of ferroelectric Pb(Zr0.2Ti0.8)O3 and superconducting Nb-doped SrTiO3 . The films were
prepared on ~001! SrTiO3 substrates by off-axis radio-frequency magnetron sputtering and
pulsed-laser deposition. By switching the polarization field of the 500-Å-thick Pb(Zr0.2Ti0.8)O3
layer, a large change of about 30% in resistivity and a 20% shift of Tc (DTc;0.05 K) were induced
in the 400-Å-thick epitaxial Nb-doped SrTiO3 layer. The relationship between Tc and the
electrostatically modulated average carrier concentration can be mapped onto the phase diagram of
chemically doped SrTiO3 . © 2004 American Institute of Physics. @DOI: 10.1063/1.1667279#

Field effect in correlated oxide systems has recently
been the subject of many studies.1 So far, most of the inves-
tigations have been focused on high Tc oxide
superconductors2,3 and manganites.4,5 Among perovskite
oxides, electron doped SrTiO3 ~STO!, e.g., SrTiO32x and
Nb-doped SrTiO3 ~Nb-STO!, display superconductivity for
carrier concentrations between about 131019 and
1021 cm23.6–8 The critical temperature Tc depends on the
carrier concentration and reaches a maximum of 0.3–0.4 K
for a carrier concentration of about 131020 cm23. In spite
of its low Tc , doped STO, being a very low carrier concen-
tration superconductor, seems to be an ideal model system to
exploit the potential demonstrated in recent conventional
field effect experiments2,9,10 and ferroelectric field effect
experiments.3,11 Although several previous reports have dem-
onstrated field effect modulation of the STO normal state
properties,12–14 electrostatic modulation of superconductivity
has not been achieved so far in this particular system. An-
other interesting aspect of STO is its simple cubic perovskite
structure that should facilitate the realization of high quality
thin films with flat surfaces. Furthermore, Pb(Zr,Ti)O3 films,
used as the ferroelectric gate oxide in ferroelectric field ef-
fect experiments,3,11 have already been epitaxially fabricated
on STO single crystal substrates with very smooth surfaces,15

advantageous in developing the local ferroelectric field effect
approach proposed by Ahn et al.16 This latter approach may
be a way to realize nanoscale superconducting switches, ar-
tificial Josephson junctions arrays, or re-writable pinning
sites. Finally, the behavior of Tc as a function of carrier
concentration in doped STO is different from that of conven-
tional low carrier superconductors for which Tc increases
monotonically with the carrier concentration.17 In STO, Tc

first increases with the carrier concentration n then, for n

larger than 131020 cm23, Tc goes down, with superconduc-
tivity vanishing around 131021 cm23. It is generally ac-
cepted that this behavior can be explained by the plasmon
and polar optic phonon model.18 However, because the crys-

tal quality in general gets worse as the carrier concentration
increases ~at high chemical doping!, one could argue that the
crystal quality has an influence on the Tc behavior. From this
view point, field effect ‘‘doping,’’ which does not affect the
crystal quality, is also of interest.

Epitaxial heterostructures composed of 500-Å-thick
Pb(Zr0.2Ti0.8)O3 ~PZT! and 400-Å-thick Nb-STO were fab-
ricated on ~001! STO single crystal substrates. For depositing
the Nb-STO layer, a pulsed laser deposition method employ-
ing KrF excimer laser pulses ~100 mJ! focused on a commer-
cial 0.5 wt % Nb doped SrTiO3 single crystal target was
used. During deposition, the substrate temperature was kept
at 1200 °C and the oxygen pressure at 231027 Torr. As re-
ported by Leitner et al.,19 we found that the electronic prop-
erties of the Nb-STO films were strongly dependent on
growth conditions. In order to get conductive films, high
substrate temperature and low oxygen pressure during the
deposition turned out to be necessary. With these extreme
growth conditions, the mobility of our best films at low tem-
peratures was ;300 cm2 V21 s21, the largest value reported
for thin films. We found, however, that even in the best films
the carrier concentration, determined from Hall effect mea-
surements, was ;331019 cm23, which is only 20% of what
is expected from the nominal Nb concentration. The ratio
between the Nb doping and the active Nb donors is found to
be less than previously reported ~;50%! for thin films19 and
single crystals.20,21 Clearly, although the STO films described
in the following are of high quality, a complex process which
will require further investigation controls the fraction of ac-
tive Nb donors. By monitoring the intensity of reflection
high-energy electron diffraction during the deposition, step-
flow type growth22 was observed. Atomic force microscopy
~AFM! topographic images taken before the deposition of
the PZT layer are consistent with this particular growth
mode. Figure 1~a! shows the surface of a 400-Å-thick Nb-
STO film. The image shows 4 Å high perovskite unit cell
steps. No particles were observed even in large areas ~typi-
cally 535 mm2), a clear advantage for the subsequent
growth of high quality epitaxial PZT. After deposition, thea!Electronic mail: kei.takahashi@physics.unige.ch
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films were cooled in 760 Torr of oxygen to avoid reducing
the film and the substrate. The PZT layers were deposited by
off-axis radio frequency magnetron sputtering in an argon–
oxygen flow (Ar:O253:1) at a total pressure of 0.18 Torr
and at a substrate temperature of ;500 °C.15 From x-ray dif-
fraction analyses of these bilayers, the PZT layers are found
to be c-axis oriented and single crystal like. However, no
peaks of the Nb-STO layers could be identified because the
Nb-STO lattice constant ~for such low Nb doping! is almost
identical to the one of the STO substrate. The film peaks are
thus hidden by the intense substrate peaks. As schematically
illustrated in Fig. 1~b!, standard photolithography and ion-
milling processes were used to pattern the devices in a ge-
ometry suitable for transport measurements. Measurements
below 4.2 K and down to 50 mK were performed using a
dilution refrigerator. To switch the direction of the ferroelec-
tric polarization ~parallel or antiparallel to the c axis!, the
metallic tip of an AFM was used as a mobile gate electrode,
scanning at room temperature over the whole area of the
conducting path @the shaded region shown in Fig. 1~b!#. Dur-
ing the scan, a constant voltage of 112 or 212 V was ap-
plied between the tip and the Nb-STO layer. During the
transport measurements, there was no application of any gate
voltage, making the device insensitive to possible leakage
currents.

Figure 2 shows the temperature dependence of the resis-
tivity, calculated using the Nb-STO thickness, for the two
polarization states. The P1 state, poled using 212 V ~on the
tip!, corresponds to the polarization direction which removes
electrons from the Nb-STO layer. The P2 state poled using
112 V corresponds to the polarization state which adds elec-
trons to the Nb-STO layer, effectively increasing the doping

level. As can be seen, both states display metallic behavior.
In the whole temperature range, large differences in the re-
sistivities between the P1 and P2 states were observed. As
expected from the electron character of doped STO, the re-
sistivity of the P2 state is lower, in agreement with a field
effect modulation of the electron carrier. The inset of Fig. 2
shows the resistivity ~r! difference ratio between the two
states defined as (Dr/r 5@r(P1)2r(P2)#/r(P2)). Us-
ing a free electron model, a relationship between the changes
in resistivity and carrier concentration (n) can be obtained:
Dr/r 52 Dn•l/(n•d1Dn•l/2), where d is the film thick-
ness ~400 Å!, l is the electrostatic screening length over
which a carrier concentration profile is induced at the inter-
face, and Dn is the average change in carrier concentration
~over l!. Dn•l being equal to DP/e where DP is the change
in polarization, using Dr/r ;30% ~see inset of Fig. 2! and
n;331019 cm23 ~from Hall effect measurement!, allows us
to estimate DP to be ;6 mC/cm2.23,24 This ferroelectric po-
larization value is significantly lower than that observed in
general for PZT26 and lower than the one observed in other
ferroelectric field effect devices.11 Although not completely
clear, the reason for this low polarization may be related to
the difficulty in poling the PZT layer.26 This problem may be
due to inhomogeneities in the Nb-STO layer ~possibly local
changes in the electronic properties or a gradient of the prop-
erties as a function of thickness! or to a nonoptimal growth
of the PZT layer. At low temperatures ~below 1 K!, suffi-
ciently low measuring current was chosen to ensure an
ohmic regime. Around 0.3 K, the resistivity of both polariza-
tion states drops abruptly, indicative of the transition to the
superconducting state. Below the transition and down to 50
mK, the resistivity, however, does not reach zero but stays
constant at a value of about 0.1 mV cm. This nonzero resis-
tivity was also observed in Nb-STO single layer films, which
implies that this nonzero residual resistivity is not due to the
polarization field of the PZT layer but, most probably, to
electronic inhomogeneities of the Nb-STO layer leading to

FIG. 1. ~a! AFM image of a Nb-STO film, 400 Å thick, measured before the
deposition of the PZT layer ~535 mm!. ~b! Schematic top view and cross
section of the field effect device. The dimensions of the fabricated transport
paths are 40 mm ~width! and 100 mm ~length!. The ferroelectric polarization
was switched in the shaded area using an AFM.

FIG. 2. ~a! Temperature dependence of the resistivity for the two polariza-
tion states. P1 corresponds to the polarization direction that removes elec-
trons from the Nb-STO layer. In the P2 state, the polarization field adds
electrons to the film. The inset shows the temperature dependence of the
resistivity difference ratio between the two polarization states defined as
Dr/r 5 @r(P1)2r(P2)#/r(P2).
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nonsuperconducting regions cutting the superconducting cur-
rent path. Preliminary measurements in magnetic fields ap-
plied perpendicular to the film plane showed that the super-
conducting transition was progressively suppressed and that,
above 0.1 T, the normal metallic phase was observed down
to the lowest accessible temperatures ~50 mK!.

Figure 3 shows the normalized resistivity at 0.5 K as a
function of temperature for the P1 and P2 states. Upon
polarization reversal a clear shift of Tc was observed. With
Tc defined as the temperature at which the resistivity de-
creases to 50% of its value at 0.5 K, the Tc value for the P

2 state is 0.30 K and that of the P1 state is 0.25 K. The
change of polarization not only induces a shift of Tc but also
modifies the transition width. As can be seen in Fig. 3, the
P1 state transition is broader than the one of the P2 state.
This broadening may reflect fluctuations related to the low
superfluid density or intrinsic inhomogeneities as proposed
in the case of underdoped high Tc superconductors.27 Here,
because of the uncertainties about the polarization of the
PZT layer as well as possible inhomogeneities in the Nb-
STO layer, more measurements will be necessary to test
whether this broadening reflects the physics of the STO sys-
tem or material imperfections. Finally, the inset of Fig. 3
shows the carrier concentration dependence of Tc for the P

1 state and the P2 state and that for reduced and Nb doped
STO bulk crystals.7,8 Since the coherence length of supercon-
ducting STO is much larger than d ,28 although the change in
carrier concentration is induced over a distance l, the Cooper
pairs experience an average effective interaction through the
proximity effect.29 We thus used the average carrier concen-
trations in the inset of Fig. 3. The carrier concentration of the
P2 state (;331019 cm23), determined from Hall effect
experiment at 20 K, is located in the underdoped region of
the phase diagram ~lower than 131020 cm23). That of P1

state is deduced as ;231019 cm23 from Dn5 DP/e•l .
This is consistent with the fact that increasing the carrier
concentration increases Tc . Even if there are slight devia-
tions from the bulk crystal data, the electrostatic average

doping can be rather well mapped onto the chemical doping
phase diagram.

In conclusion, we have fabricated epitaxial heterostruc-
tures composed of PZT and Nb-STO on STO substrates. By
switching the ferroelectric polarization field of the PZT layer,
using the metallic tip of an AFM as a mobile gate electrode,
a large temperature-independent relative change in the resis-
tivity and a shift of Tc were observed. The relationship be-
tween Tc and the average carrier concentration for each po-
larization state fits with the phase diagram of chemically
doped STO bulk crystals.
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FIG. 3. Temperature dependence of the resistivity normalized at 0.5 K for
the P1 state ~s! and the P2 state ~d!. The inset shows the dependence of
the critical temperature on carrier concentration for each polarization state.
The behavior of reduced STO bulk crystals ~dotted curve! and Nb doped
STO bulk crystals ~dotted bar! are also included.
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