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Insulating SrTiO3 single crystal
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SrTiO3 is an interesting material
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Comparison to Hall effects
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can be larger than 

ideal metal ideal insulator
perfect screening no screeningexotic metal?

negative capacitance
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Negative capacitance !?
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HfO2 / Parylene bilayer gate insulator

6nm Parylene
20nm HfO2

Gate metal

S D
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Hybrid gate insulator  
  HfO2 (ε = 21.5)     
       + 
  Parylene-C (ε=2.7)

Isao Inoue and Hisashi Shima, 
Japan Patent Number: 5522688,  Date of Patent: 18th April, 2014 

18

HfO2 / Parylene bilayer gate insulator

https://dl.dropboxusercontent.com/u/51370691/Patents/JP_5522688%E7%89%B9%E8%A8%B1%E8%A8%BC.pdf


isaocaius@gmail.com  http://staff.aist.go.jp/i.inoue/
Isao H. Inoue,  Invited Talk @ SPICE Workshop, Mainz, Germany   2 July 2015

SrTiO3

Al

HfO2

Au Ti

parylene

STEM-EDS mapping
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No mixture of each layer
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Capacitance of the gate insulator
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FET characteristics
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Subthreshold swing
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Therefore

1

transport 
factor

body factor

Subthreshold swing of an insulator (and semiconductor) 

…… only the thermally excited    
        carriers can contribute the  
        transport.

…… definition

…… φ is the surface potential

C □…… because      = (1/    +1/     )-1    n □ VGC  STO□
C  STO□φ    =     /      = (1+      /    )-1    n □ C  STO□ C □ VG

This does not depend whether 
SrTiO3 is metallic, semiconducting, 
or insulating.

Very small sub-threshold swing

S=170mV/dec is extremely small ! 
(~100mV/dec even for Si FET).

Small S means
very clean channel !!
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Negative C in LaAlO3/SrTiO3

Negative C (negative charge 
compressibility) is not a 
strange phenomenon. 

There have been many 
reports in literature so far. 

Even SrTiO3 shows it in the 
LaAlO3/SrTiO3 interface. 

potential. As shown in Fig. 2D, the measured
capacitance C is the in-series combination of the
geometric capacitance Cgeom and the quantum
capacitance Cq = Ae2dn/dm:

1/C = 1/Cgeom + 1/Cq

= 1/Cgeom + 1/[Ae2(dn/dm)]

The observed enhancement of C reveals that
dn/dm is negative, providing evidence for a neg-
ative electronic compressibility (3). In measure-

ments that display negative compressibility in
semiconductor samples, the effect arises from the
electron-electron interactions beyond the Hartree
approximation (1, 2). These interactions increase
the chemical potential with decreasing electron
density.

One consequence of the negative quantum
capacitance is that the interface overscreens the
external electric fields (4–8). To explore the pos-
sible existence of this overscreening effect, we
carried out a field penetration measurement using
a technique developed by Eisenstein (4, 5). As

shown in Fig. 3A, the interface was grounded,
and we measured the current to the top gate as
we applied a small ac excitation voltage Vac on
the back gate. The current Iy is proportional to
the electric field penetrating from the back gate
through the grounded interface (16). The results
are shown in Fig. 3, B and C, in which Iy/f is
proportional to dm /dn, the inverse of the com-
pressibility. A negative divergence of the pene-
tration field occurs close to depletion, at which
the carrier density is below 2 × 1012 cm–2. Here,
the carrier density is estimated by integrating the

δV
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E0

Ep

back gate

top gate

interface

A B C

T

Tf

f

f

Fig. 3. Penetration field measurement. (A) Sketch of the mea-
surement setup. With the interface grounded, we applied an
external electric field E0 from the back gate to the interface
and detected the electric field that penetrates the grounded
interface layer. The penetration field Ep is determined by
measuring the current from the device top gate. (B) The penetration current
Iy divided by the measurement frequency for device 1 at T = 4.2 K measured
at three excitation frequencies. At Vg near zero, the penetration current is
proportional to f and is constant over a broad range of –0.05 V ≤ Vg ≤ 0.05
V. For Vg < –0.18 V, Iy/f displays a frequency dependence, which is
probably caused by effects of current leakage through the LAO layer. (C)

The penetration signal for device 2 at T = 4.2 K measured at two selected
frequencies. At 0.31 V < Vg < 0.34 V, the negative values of the pene-
tration current demonstrate that Ep is opposite to E0; the conductive in-
terface overscreens the external fields at low carrier densities. At larger Vg >
0.37 V, again a f-dependent signal is present, together with a measurable
current leakage through the LAO barrier.
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Fig. 4. The inverse of compressibility dm /dn determined from penetration
field measurements on (A) device 1 and (B) device 2. The electron density
at the interface is determined by integrating the C versus Vg curve at the
lowest frequency achieved. (C) The density n dependence of the lateral re-

sistivity of a different device fabricated in the same 10–unit cell LAO/STO
wafer. The device diameter is 500 mm. The resistivity is determined by tracking
the frequency dependence of the out-of-phase charging signals (figs. S1 and
S2) (16).
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What’s the origin of negative C?
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Only for dilute carrier density

potential. As shown in Fig. 2D, the measured
capacitance C is the in-series combination of the
geometric capacitance Cgeom and the quantum
capacitance Cq = Ae2dn/dm:
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electron-electron interactions beyond the Hartree
approximation (1, 2). These interactions increase
the chemical potential with decreasing electron
density.

One consequence of the negative quantum
capacitance is that the interface overscreens the
external electric fields (4–8). To explore the pos-
sible existence of this overscreening effect, we
carried out a field penetration measurement using
a technique developed by Eisenstein (4, 5). As

shown in Fig. 3A, the interface was grounded,
and we measured the current to the top gate as
we applied a small ac excitation voltage Vac on
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through the grounded interface (16). The results
are shown in Fig. 3, B and C, in which Iy/f is
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Fig. 3. Penetration field measurement. (A) Sketch of the mea-
surement setup. With the interface grounded, we applied an
external electric field E0 from the back gate to the interface
and detected the electric field that penetrates the grounded
interface layer. The penetration field Ep is determined by
measuring the current from the device top gate. (B) The penetration current
Iy divided by the measurement frequency for device 1 at T = 4.2 K measured
at three excitation frequencies. At Vg near zero, the penetration current is
proportional to f and is constant over a broad range of –0.05 V ≤ Vg ≤ 0.05
V. For Vg < –0.18 V, Iy/f displays a frequency dependence, which is
probably caused by effects of current leakage through the LAO layer. (C)

The penetration signal for device 2 at T = 4.2 K measured at two selected
frequencies. At 0.31 V < Vg < 0.34 V, the negative values of the pene-
tration current demonstrate that Ep is opposite to E0; the conductive in-
terface overscreens the external fields at low carrier densities. At larger Vg >
0.37 V, again a f-dependent signal is present, together with a measurable
current leakage through the LAO barrier.
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Fig. 4. The inverse of compressibility dm /dn determined from penetration
field measurements on (A) device 1 and (B) device 2. The electron density
at the interface is determined by integrating the C versus Vg curve at the
lowest frequency achieved. (C) The density n dependence of the lateral re-

sistivity of a different device fabricated in the same 10–unit cell LAO/STO
wafer. The device diameter is 500 mm. The resistivity is determined by tracking
the frequency dependence of the out-of-phase charging signals (figs. S1 and
S2) (16).
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potential. As shown in Fig. 2D, the measured
capacitance C is the in-series combination of the
geometric capacitance Cgeom and the quantum
capacitance Cq = Ae2dn/dm:

1/C = 1/Cgeom + 1/Cq

= 1/Cgeom + 1/[Ae2(dn/dm)]

The observed enhancement of C reveals that
dn/dm is negative, providing evidence for a neg-
ative electronic compressibility (3). In measure-

ments that display negative compressibility in
semiconductor samples, the effect arises from the
electron-electron interactions beyond the Hartree
approximation (1, 2). These interactions increase
the chemical potential with decreasing electron
density.

One consequence of the negative quantum
capacitance is that the interface overscreens the
external electric fields (4–8). To explore the pos-
sible existence of this overscreening effect, we
carried out a field penetration measurement using
a technique developed by Eisenstein (4, 5). As

shown in Fig. 3A, the interface was grounded,
and we measured the current to the top gate as
we applied a small ac excitation voltage Vac on
the back gate. The current Iy is proportional to
the electric field penetrating from the back gate
through the grounded interface (16). The results
are shown in Fig. 3, B and C, in which Iy/f is
proportional to dm /dn, the inverse of the com-
pressibility. A negative divergence of the pene-
tration field occurs close to depletion, at which
the carrier density is below 2 × 1012 cm–2. Here,
the carrier density is estimated by integrating the
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Fig. 3. Penetration field measurement. (A) Sketch of the mea-
surement setup. With the interface grounded, we applied an
external electric field E0 from the back gate to the interface
and detected the electric field that penetrates the grounded
interface layer. The penetration field Ep is determined by
measuring the current from the device top gate. (B) The penetration current
Iy divided by the measurement frequency for device 1 at T = 4.2 K measured
at three excitation frequencies. At Vg near zero, the penetration current is
proportional to f and is constant over a broad range of –0.05 V ≤ Vg ≤ 0.05
V. For Vg < –0.18 V, Iy/f displays a frequency dependence, which is
probably caused by effects of current leakage through the LAO layer. (C)

The penetration signal for device 2 at T = 4.2 K measured at two selected
frequencies. At 0.31 V < Vg < 0.34 V, the negative values of the pene-
tration current demonstrate that Ep is opposite to E0; the conductive in-
terface overscreens the external fields at low carrier densities. At larger Vg >
0.37 V, again a f-dependent signal is present, together with a measurable
current leakage through the LAO barrier.

(1)

107
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104
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A B C

Tf
f
f

Fig. 4. The inverse of compressibility dm /dn determined from penetration
field measurements on (A) device 1 and (B) device 2. The electron density
at the interface is determined by integrating the C versus Vg curve at the
lowest frequency achieved. (C) The density n dependence of the lateral re-

sistivity of a different device fabricated in the same 10–unit cell LAO/STO
wafer. The device diameter is 500 mm. The resistivity is determined by tracking
the frequency dependence of the out-of-phase charging signals (figs. S1 and
S2) (16).
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Other mechanisms of negative C
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Still our             is too small !!
(         is too large !! )
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If            would be two-order smaller
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that is,                would be two-order larger
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But this              is too large to enhance n□

is too small !!
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Ordinary positive 

is negligible
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Inhomogeneous channel ?
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Large enhancement is  
    due to inhomogeneity!

Inhomogeneity enhances n□

1011

1012

1013

1014

1015

n
�

  
(c

m
-2

)

-6

-3

0

3

1
/C

S
T

O

�
 (

1
0

6
cm

2
/F

)

6420
VG (V)



39

Negative C  is  necessary  
but not enough!

We need  
negative C + positive C  inhomogeneity  

to explain  
the enormously large n□ 
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Evidence of the inhomogeneity
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Summary

Very clean interface !!



isaocaius@gmail.com  http://staff.aist.go.jp/i.inoue/
Isao H. Inoue,  Invited Talk @ SPICE Workshop, Mainz, Germany   2 July 2015 42

Summary

Very clean interface !!


