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Superconductivity at interfaces has been investigated since the
first demonstration of electric-field-tunable superconductivity
in ultrathin films in 19601. So far, research on interface super-
conductivity has focused on materials that are known to be
superconductors in bulk1–9. Here, we show that electrostatic
carrier doping can induce superconductivity in KTaO3, a
material in which superconductivity has not been observed
before10,11. Taking advantage of the large capacitance of the
self-organized electric double layer that forms at the interface
between an ionic liquid and KTaO3 (ref. 12), we achieve a charge
carrier density that is an order of magnitude larger than the
density that can be achieved with conventional chemical
doping. Superconductivity emerges in KTaO3 at 50 mK for
two-dimensional carrier densities in the range 2.3 3 1014 to
3.7 3 1014 cm22. The present result clearly shows that electro-
static carrier doping can lead to new states of matter at
nanoscale interfaces.

Chemical doping is the process of introducing electrical conduc-
tivity in an insulator by replacing atoms of one of the constituent
elements with atoms of another element with a different valence
state. To convert a Mott insulator, such as a cuprate, into a supercon-
ductor13, it is necessary to achieve a dopant concentration of �10%
or 1 × 1021 dopant atoms per cm3, but in many cases the chemical
solubility of the insulator is too low to reach such concentrations.
In addition, the replacement of some atoms during doping inevitably
changes the crystalline structure and often introduces randomness
into the system. Another way of donating charge carriers to an insu-
lator is electrostatic doping by a field effect, as used in field-effect
transistors (FETs). One can also accumulate mobile carriers at the
surface of an insulator by applying a gate voltage VG, but the gate
dielectric breaks down when the electric field reaches a value of
1–10 MV cm21, which corresponds to a two-dimensional carrier
density n2D of �1 × 1013 cm22 (refs 3, 5, 14–16).

Recently, very high electric fields have been applied with an
electric double-layer transistor, a device that uses a liquid electrolyte
as a gate dielectric17–19. When a solid sample is immersed in this
liquid electrolyte, a Helmholtz electric double layer (EDL) self-
organizes at the interface (Fig. 1). This double layer can be
thought of as a capacitor composed of a sheet of ions in the electro-
lyte and another sheet of accumulated image charges on the
surface of the solid. These two layers are separated by less than
1 nm, which allows the EDL transistor to achieve values of n2D as
high as 8 × 1014 cm22 within an electrostatic mechanism12.

Figure 2a summarizes the relationship between the critical
transition temperature Tc and three-dimensional carrier density

n3D for bulk superconductors that were converted from insulators
by means of chemical or electrostatic doping. It is clear that the
values of n3D achieved by electrostatic doping are well above
those needed to reach a superconducting state in the cuprates,
so the EDL transistor should be able to induce superconductivity
in insulators that cannot be made superconducting by
chemical doping.

KTaO3 is a promising candidate for superconductivity induced
by electrostatic doping because it is similar to the low-n3D supercon-
ductor SrTiO3 in many ways: both have a perovskite structure, both
have similar band structures, and both exhibit quantum para-
electricity10,20. It has also been shown that metallic conductivity
can be induced in KTaO3 at temperatures of �10 K in conventional
FET structures21,22, but searches to temperatures as low as 10 mK
have failed to find evidence for superconductivity in KTaO3
(ref. 11). Insufficient carrier density is likely to be the reason why
superconductivity has not yet been observed in KTaO3: the tanta-
lum ions in oxides have only one stable oxidation state (5þ), in con-
trast to the three stable states (2þ , 3þ and 4þ) of titanium ions. As
a result, the chemical solubility limit of KTaO3 gives a maximum
value of n3D¼ 1.4 × 1020 cm23 (ref. 23). However, there is scope
for electrostatic doping reaching values of n3D that cannot be
achieved with chemical doping.

EDL transistor devices were fabricated on KTaO3 (001) single crys-
tals with an ionic liquid as the electrolyte with a planar device configur-
ation (Fig. 1; see Methods). Excellent transistor characteristics were
obtained at room temperature (shown in Supplementary Fig. S1).
We observed an abrupt increase in drain current for values of
VG above 2.7 V (and upto 5 V), yielding an on/off ratio as high as
1 × 105. When VG was too high, a large leakage Faradaic current
flowed between the channel and the gate electrode owing to an electro-
chemical reaction in the ionic liquid. A leakage current larger than
1 mA was observed for VG above 8 V (Supplementary Fig. S2).
Therefore, VG was limited to below 6 V for all of the experiments
shown in this Letter.

Figure 2b,c shows the temperature dependence of transport
properties. The channel maintained a metallic state down to 2 K
for VG larger than 2.75 V, whereas the channel was insulating at
VG¼ 2.5 V. We observed a sharp increase in mobility towards low
temperatures, as observed in chemically doped crystals10. The
two-dimensional carrier density n2D was temperature-independent
above 140 K and monotonically increased with VG. However, a
peculiar decrease in n2D was observed with decreasing temperature
for VG . 3.5 V, saturating below 10 K. Similar temperature
dependence was reproducibly observed for all samples. Such
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behaviour was previously reported for two-dimensional conductive
layers in SrTiO3, such as niobium-doped thin films5, delta-doped
heterostructures8, LaAlO3/SrTiO3 heterostructures7 and electric-
field-induced accumulation layers6. Takahashi et al. compared the
change in the Hall coefficient at various temperatures and electro-
static charging, and concluded that the Hall coefficient above
100 K yields a correct estimate of the carrier density5. This phenom-
enon may be related to the quantum paraelectricity and ferro-
electricity induced upon the electric field in these systems. In the
following part of this Letter, we use n2D at 100 K as a representative

value for the discussion of transport and superconducting proper-
ties unless otherwise specified.

The two-dimensional carrier density showed a nearly pro-
portional increase with VG above a threshold voltage (Fig. 3a).
The mobility was as high as 7,000 cm2 V21 s21 at a low n2D of
2.4 × 1013 cm22 (Fig. 3b), which is the highest value recorded
in two-dimensional systems formed of transition metal oxides.
Mobility decreases as a function of n2D. To compare this behav-
iour with the case of bulk chemical doping, we need to estimate
three-dimensional carrier density n3D. For this purpose, we
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Figure 1 | Electric double-layer (EDL) transistor. a,b, Schematic diagrams (a) and photograph (b) of the EDL transistor with an ionic liquid electrolyte,
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Figure 2 | Characterization of EDL transistors. a, Superconducting critical temperature Tc as a function of three-dimensional charge carrier density for

chemically doped superconductivity in 11 different material systems (filled symbols), and electrostatically induced superconductivity in two of these (open

symbols). The lower panel shows the electronic phases appearing in KTaO3 as a function of carrier density up to the maximum density that can be achieved

with chemical doping: much higher densities are possible with EDL transistors (dashed red vertical line). b, Sheet resistance RS (on a logarithmic scale)

versus temperature T at six different gate voltages VG for an EDL transistor in which the channel is a single crystal of KTaO3. The channel shows metallic

conduction for values of VG higher than a threshold of 2.75 V. c, Two-dimensional charge carrier density n2D (top) and carrier mobility (bottom) versus T for

five values of VG: both n2D and mobility were evaluated by Hall measurements.
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performed a sub-band calculation by using reported values of
dielectric constant and effective mass. (More details are given in
the Supplementary Information and ref. 7.) Figure 3c shows n3D
dependence of the mobility for EDL transistors and chemical
doping11. For EDL transistors, the mobility versus n2D relation
agrees well for measurements taken at 100 K (solid symbols, Fig,
3c) and 2 K (open symbols, Fig. 3c). Mobility commonly decreases
with increasing n3D, but in convex and concave manners for the
chemical doping and EDL transistors, respectively, possibly
reflecting the difference in the carrier scattering mechanism:
impurity scattering and surface scattering are thought to be domi-
nant in the chemically doped crystals and the EDL transistor,
respectively. Here, it should be stressed that n3D obtained by the
EDL transistor exceeds the chemical doping limit by an order of
magnitude23. Although the quantitative accuracy of n3D estimated
by means of the sub-band calculation should be re-examined in
the future by experimental studies, Fig. 3c strongly indicates
that electrostatic doping by the EDL transistor has an ability to
go beyond the limit of conventional chemical doping.

Now we show the results measured in a dilution refrigerator
for device D with VG¼ 5 V. Figure 4a shows the temperature
dependence of four-terminal sheet resistance RS, indicating a
superconducting transition with an onset at 70 mK and zero
resistance at 35 mK. The mid-point critical temperature T c

mid

was 47 mK, where RS(Tc
mid)¼ 0.5RS (0.2 K). The zero-resistance

state was suppressed by application of a small magnetic field
above 5 Oe normal to the surface, and RS returned to the
normal state value above 30 Oe, as shown in Fig. 4b. The

four-terminal I–V curve in zero field exhibited a supercurrent
up to 0.1 mA. These results demonstrate the first observation of
superconductivity in KTaO3.

Superconducting properties as a function of carrier density were
examined by modulating VG. Figure 5a shows the temperature depen-
dence of RS for various values of VG. No resistance drop was observed
for VG of 3.5 V and 4 V, where n3D was lower than 6 × 1020 cm23. We
therefore conclude that superconductivity in KTaO3 only appears
with carrier densities that cannot be achieved by chemical doping11.
Absence of changes in crystal structure or randomness as a result of
chemical doping may be another important factor. In contrast, super-
conductivity with zero resistance was observed for VG above 4.5 V.
The critical temperature was enhanced at gate voltages from 4 V to
5 V, and then reduced at 6 V. The variation in Tc as a function of
VG is evidence that the superconductivity is not related to other
materials produced by a side chemical reaction, such as reduction
into tantalum metal (Tc¼ 4.4 K). Figure 5b presents a phase
diagram and superconducting critical parameters for KTaO3. The
bell-shaped dependence of Tc is similar to that of bulk SrTiO3 crystals,
except for the shifts to higher n3D and lower Tc. Both the critical mag-
netic field m0Hc and critical current density Jc also show a bell-shaped
dependence. The bell-shaped phase diagram is also observed in low-
carrier-density superconductors, such as cuprate- and BaBiO3-based
superconductors (as shown in Fig. 2a), owing to the emergence of a
superconducting state between an electron correlated insulating
state and metallic state. It is worth exploring possible common mech-
anisms behind the bell-shaped phase diagram in SrTiO3 and KTaO3.

We speculate that the difference in their band structures is respon-
sible for the higher n3D required for superconductivity in KTaO3 than
that in SrTiO3. Effective masses in KTaO3 are much smaller than
those of SrTiO3 (refs 7,24). Smaller effective mass decreases the
density of states at the Fermi energy, and thus could decrease the
superconducting coupling energy and the critical temperature. In
addition, the spin–orbit parameter j5d in KTaO3 is one order of mag-
nitude larger than j3d in SrTiO3 owing to the heavy tantalum atom,
which splits the degenerated conduction band and also decreases the
density of states20. A detailed band calculation will provide a clear
explanation of the difference between SrTiO3 and KTaO3.

In conclusion, the demonstration of superconductivity in
KTaO3 clearly shows the potential of electrostatic doping
to achieve higher charge carrier densities than is possible with
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chemical doping, which could lead to the discovery of more
superconducting compounds.

Methods
Devices were fabricated on KTaO3 (001) single crystals, which had atomically flat
surfaces as delivered from the vendor (Furuuch Chemical Co. Ltd). We used a planar
device configuration as shown in Fig. 1. In the previous study, we used a platinum
wire as a gate and all the components, including substrate, gold wirings to the
substrate and the platinum wire, were immersed in an electrolyte7. As a result, large
leakage current was observed owing to electrochemical reactions between the
platinum wire and the gold wirings. In the planar configuration, the gate electrode
was fabricated on the substrate and placed near the channel (Fig. 1a). A drop of an
ionic liquid (electrolyte) covered only the area between the channel and the gate
electrode, and did not contact other electrodes or wirings (Fig. 1b). The leakage
current was therefore greatly reduced in comparison with the previous configuration
with a platinum wire. Ohmic contact electrodes with a Hall bar geometry were
fabricated by electron-beam evaporation of a gold/titanium film, which enabled
measurement of the four-terminal resistance and Hall coefficient of the channel.
Hard baked photoresist was used for the separator layer between the single crystal
and the electrolyte. We selected a sputtered platinum film and an ionic liquid N,N-
diethyl-N-(2-methoxyethyl)-N-methylammonium tetrafluoro-boron (DEME-BF4)
as the gate electrode and the electrolyte, respectively, owing to their
electrochemical stability25,26.
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25. Kötz, R. & Carlen, M. Principles and applications of electrochemical capacitors.
Electrochim. Acta 45, 2483–2498 (2000).

26. Sato, T., Masuda, G. & Takagi, K. Electrochemical properties of novel ionic
liquids for electric double layer capacitor applications. Electrochim. Acta 49,
3603–3611 (2004).

Acknowledgements
This work was partly supported by Grants-in-Aid for Scientific Research (21686002,
21224009 and 21654046) and an Innovative Area grant on ‘Topological Quantum
Phenomena’ from the Ministry of Education, Culture, Sport, Science and Technology of

Japan. This work was also partly supported by Asahi Glass Foundation and the Nippon
Sheet Glass Foundation for Materials Science and Engineering.

Author contributions
K.U. performed planning, sample fabrication, measurements and analysis. S.N., N.K., T.N.
and H.A. assisted with cryogenic transport measurements. H.S. and H.T.Y. assisted with
planning. Y.I. and M.K. performed planning and analysis.

Additional information
The authors declare no competing financial interests. Supplementary information
accompanies this paper at www.nature.com/naturenanotechnology. Reprints and
permission information is available online at http://www.nature.com/reprints/.
Correspondence and requests for materials should be addressed to M.K.

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2011.78

NATURE NANOTECHNOLOGY | VOL 6 | JULY 2011 | www.nature.com/naturenanotechnology412

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

www.nature.com/naturenanotechnology
http://www.nature.com/reprints/
mailto:kawasaki@ap.t.u-tokyo.ac.jp
http://www.nature.com/doifinder/10.1038/nnano.2011.78
www.nature.com/naturenanotechnology

	Discovery of superconductivity in KTaO3 by electrostatic carrier doping
	Methods
	Figure 1  Electric double-layer (EDL) transistor.
	Figure 2  Characterization of EDL transistors.
	Figure 3  Transport properties.
	Figure 4  Superconducting properties.
	Figure 5  Transport properties and critical parameters of superconductivity.
	References
	Acknowledgements
	Author contributions
	Additional information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG PRINT PDF Job Options. 4th September 2006. PDF 1.3 Compatibility. Adds Trim and Bleed boxes top Nature pages where none exist.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


