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Abstract—Surfaces of SrTiO3 (STO) are widely known
as a playground of basic physical researches of two-
dimensional metallic systems. By electrostatic carrier-
density modulation of the STO surface, a variety of inter-
esting phenomena such as an insulator to 2D metal tran-
sition (IMT), superconductivity, and ferromagnetism are
triggered. Here we demonstrate a unique challenge; neuro-
morphic electronic devices are implemented on the electro-
static control of the IMT at the STO surface. We prove that
our STO device is indeed a promising candidate of an artifi-
cial neuron (leaky-integrate and fire: LIF) as well as an ar-
tificial synapse (spike-timing-dependent plasticity: STDP).
This work will bridge the gap between the basic research
of IMT and its viable applications.

1. Introduction

Miniaturisation limit has been a looming crisis of the
semiconductor industry for decades, and is now a press-
ing issue to be averted. A near-future nanometre-sized
semiconductor device contains only a few dopants, so that
we can no more distinguish on/off states from the thermal
noise. One of the promising ideas to overcome the cri-
sis is to utilise the electrostatic control of insulator to 2D
metal transition (IMT), because the 2D metal contains a
large number of carriers (≳ 1013 cm−2), ensuring the scal-
ability far beyond the crisis. Our challenge is to develop
future electronics based on such kinds of IMTs observed in
any “post-Si” materials with a variety of concomitant func-
tionalities. However, those “post-Si” materials with IMTs
have intrinsic defect-prone surfaces in general; especially,
oxygen vacancies are easily created.

In this report, we show how to turn the lemon into lemon-
ade; i.e., we turn the migration of oxygen vacancies in the
well-known post-Si material SrTiO3 (STO) into a proactive
tool to control its IMT. By sweeping out the intrinsic oxy-
gen vacancies in STO using the external electric field with-
out creating further extrinsic oxygen vacancies at the sur-
face, a polar region is created near the surface. The polarity
of the region behaves as an effective back-gate and induces
more carriers at the surface than those simply induced by
the external field. Then, the IMT is driven at the surface.
Simultaneously, the Thomas-Fermi screening sets in, and

the screening length for the external field is shortened dras-
tically. This results in a large but well-controlled hystere-
sis in the current-voltage relation, which is quite advanta-
geous for implementing an artificial synapse on this device.
Moreover, the dynamics of IMT give rise to another func-
tionality; the threshold voltage of IMT is changed by an
accumulation of input pulses applied to the device. This in-
dicates our device can work as an artificial leaky-integrate-
and-fire (LIF) neuron, which does not require the external
and voluminous LI part. We discuss here those neuromor-
phic applications of IMT in the light of possible physical
mechanisms.

2. FET Device Utilising IMT of STO

We have fabricated an accumulation-mode field-effect
transistor (FET) on a highly insulating undoped single-
crystalline STO. A Parylene-C (6 nm) /HfO2 (20 nm) dou-
ble layer was utilised as a gate insulator [1] (Fig. 1(a)),
where the Parylene-C layer works to protect the STO
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Figure 1: a) SEM image of our STO FET and a schematic
picture of the cross section. b) Remnant drain current Irem
plotted against VGS (bottom), but each data point of Irem
was measured after each VGS pulse was applied (top). c)
Evolution of the onset and turn-off voltages of the hystere-
ses in the Irem-VGS plot for different VGS sweep ranges.
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surface from extrinsic oxygen-defect formations during
the device fabrication process as well as during the gate
electric-field application.

Our STO FET has three qualitatively different conduc-
tion regions. The sub-threshold region is below the thresh-
old voltage Vth ≈ 1.8 V, where our STO FET shows fairly
small subthreshold swing (170 mV/decade) that is much
smaller than the values ever reported for STO FET [2].
Above Vth is the so-called accumulation region. However,
the channel becomes metallic above VIMT ≈ 3.5 V due to
the IMT [3, 4], and the evolution of the channel is well ex-
plained by a percolation model [2, 4, 5, 6] with the IMT
boundary of Mott-Ioffe-Regel limit h/e2, indicating the
metallic state is two dimensional (2D) [3, 4]. The 2D metal-
lic state holds a large sheet carrier density (≳ 1014 cm−2)
and high mobility (≳10 cm2/Vs) [2].

3. Hysteresis due to IMT

A substantial hysteresis appears for VGS ≳ VIMT as
shown in Fig. 1(b). The plot is called hysteresis switching
loop (HSL) [7] and was obtained as follows. We applied
rectangular-shaped VGS pulses with the amplitude Vpulse,
the width of 0.75 s, and the period of 1.6 s (blue lines in
Fig. 1(b) top). VDS = 0.1V was constant. We measured ID
while VGS pulse is off (at the time indicated by black ar-
rows in Fig. 1(b) top). This ID is called remnant current
Irem. Each Irem was plotted against VGS, which is in fact the
value of Vpulse just before each Irem was measured.

VGS, i.e., Vpulse, is swept in cycle between minimum and
maximum values. As the cycle progresses, the system con-
verges to a stable state (Fig. 1(c)). This means the first 20
cycles can be regarded as “electroforming” for obtaining
the stable HSL. In the stable HSL, the remnant channel
conductance is modulated between 10 µS and 10 nS with
the threshold voltages of Vpulse≈1 V and Vpulse≈−0.75 V.

The hysteresis is understood by a migration of oxygen-
vacancies (VO) in the bulk of STO near the channel sur-
face (Fig. 2). Initially, the channel is highly insulating with
only a small amount of intrinsic oxygen vacancies origi-
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Figure 2: Schematic description of the effect of the VO
+ mi-

gration for the stable HSL. Scene I: VO
+ drifts towards the

bulk due to the gate electric field. Scene II: for VGS above
VIMT, the electric drift of VO

+ is interrupted by the Thomas-
Fermi screening of the 2D metallic state (red). Scene III:
for negative VGS, the VO

+ drifts back towards the interface.

nated in possible surface reconstructions and bulk disloca-
tions. When a positive VGS is applied, VO→e−+VO

+ occurs,
where e− is an electron and VO

+ is the positively charged
oxygen vacancy. (To be exact, oxygen vacancy is divalent.
In Kröger-Vink Notation, it is VO

×× → 2e′+VO
••. But for

simplicity we use VO
+ here instead of VO

••.)
As schematically shown in the scene I of Fig. 2, VO

+ is
repelled towards the bulk of STO due to the positive VGS
field penetrating in the bulk of STO, whereas e− is accu-
mulated in the channel. The drift of VO

+ generates a defect-
free region in the bulk of STO, which is called a migration-
induced field-stabilized polar (MFP) region [8] that main-
tains its polarity by a displacement of the Ti ion. This po-
larity of the MFP region acts as a virtual but quite effective
back-gate, which works to decrease the threshold voltage.
When VGS reaches VIMT, the IMT is triggered at the sur-
face of STO, resulting in a complete screening of the gate
electric field (Thomas-Fermi screening). Then the electric
drift of VO

+ stops (scene II) and the significant hysteresis
is induced. The sudden change of the screening length also
causes a strong phase shift between VGS and ID as described
below. Once the channel returns to be semiconducting by
decreasing VGS, VO

+ starts drifting towards the interface for
negative VGS, closing the hysteresis cycle (scene III).

4. STDP Synapse

The hysteresis of the HSL curves is beneficial for neuro-
morphic applications. A well-established experiment [9] to
evaluate the spike-timing-dependent plasticity (STDP) be-
haviour was applied to our STO FET to examine whether
our STO FET works as an artificial synapse. Two dc volt-
ages, VDS and Vbias, set the operating point of STO FET,
and we applied pre- and post-pulses (−Vpre and Vpost) to
the gate (Fig. 3(a)). The shapes of our pre- and post-pulses
are same as those used in literature [9]. Although neither
Vpre nor Vpost has enough amplitude to change the channel
conductance, when the time difference between post- and
pre-pulses |∆t| = |tpost− tpre| is comparable or smaller than
the pre- and post-pulse width τ, the two pulses overlap to
each other, and the maximum amplitude of the composed
pulse becomes larger than both Vpre and Vpost. Then, the
channel conductance is modulated. This modulation as a
function of ∆t is called an STDP behaviour.

Our STO FET eventually showed an ideal STDP be-
haviour (Fig. 3(b)). Most of the single-device synapses
under intensive studies nowadays utilise stochastic events
such as a filament formation. Therefore, the STDP be-
haviours for those devices are intrinsically associated with
the significant noise. On the contrary, the stability of
the STDP characteristics of our device is surprisingly out-
standing. To make it obvious, we fitted our STDP data
to a tractable virtual STDP curve. Figure 3(c)–(e) exhibit
the results, and the residues of the fitting are compared
with those of a typical synapse based on a filament forma-
tion [10]. The standard deviation of our STO FET synapse
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Figure 3: a) Setup of our STDP experiments with fixed VDS
of 0.1V. b) STDP curves for different pulse amplitudes. The
modulation of the remnant channel conductance is plotted
against the relative timing between pre- and post-pulses.
c)–e) Fitting of the STDP curves with the phenomenologi-
cal function ∆gCH=A[1/{exp(−∆t/ξ)+1}−0.5] exp(−|x|/λ),
where A, ξ, and λ, are fitting parameters. f) Fitting residuals
for the data shown in (c) for ten independent experiments
compared to those in literature [10]

is 20 times smaller.
We consider this is because we use IMT for our STDP

behaviour. The number of carriers in the metallic chan-
nel of our STO FET is several orders larger than that of
the standard electrostatic devices [4], which results in a
large dynamic range (Fig. 1(b)), and alleviates the stochas-
tic noise. This is a great advantage of our STO FET to be
used for an artificial synapse.

5. LIF Neuron

The IMT of the FET channel has another interesting
feature for neuromorphic applications. In any FETs, the
gate electric field penetrates into the bulk of the channel.
For semiconductor FET, the length scale corresponds to
a classic Debye screening length. When the IMT occurs,
the longer Debye screening length is replaced by the ex-
tremely short Thomas-Fermi screening length for metal.
The dynamics cause the phase shift between VGS and ID
as schematically shown in Fig. 4(a), where the screening
length LD (blue line) alternates between SC (Debye screen-
ing length for semiconducting channel) and T-F (Thomas-
Fermi screening length for metallic channel) for the cyclic
change of VGS. The phase shift between the VGS input and
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Figure 4: a) Schematic picture of the phase shift. See text
for details. b) Experimental results. We applied a sinu-
soidal VGS=2.8+0.05 sin(ωt) to our STO FET biased with
VDS=0.1 V, and measured the phase shift of ID(t).

the change of LD is clearly seen there. This is because IMT
occurs at VGS=VIMT for increasing VGS, but for decreasing
VGS it does not occur at VGS = VIMT. Fig. 4(b) shows our
experimental results. We applied a sinusoidal VGS(t) and
measured ID(t). The phase shift between VGS(t) and ID(t)
for different frequencies of VGS(t) is plotted. Except for
the instrumental artefact for higher frequencies, the phase
shift starts increasing and reaches to around 17◦ at around
0.4 Hz. The half value of the maximum phase shift is given
at 0.13 Hz, which corresponds to a time constant of 1.2 s
according to the conventional definition of the delay time.
The presence of this intrinsic time constant τs=1.2 s opens
an interesting possibility; we can use it to implement a
slow-varying threshold dynamics of a kind of artificial neu-
ron as described below.

A typical demonstration of an artificial neuron is to
mimic the so-called leaky-integral-and-fire (LIF) func-
tionality, i.e., LIF neuron, using the set-up as shown in
Fig. 5(a). The capacitor Cm integrates the input pulses (blue
line) arriving from the previous neurons through synapses
(both are not shown here), while a resistor Rleak slowly
discharges Cm. Thus, the gate voltage VGS (and ID as
well) increases (and decreases) as shown in the red line.
This process is called “leaky integrate”. Then, VGS (ID as
well) eventually reaches to the preset threshold value. The
threshold value of ID is set to trigger an output pulse by us-
ing an external circuit, which is not shown in Fig. 5(a). This
generation of the output pulse (at the VGS and ID thresh-
olds) is called “firing”. The key factor of LIF is the time
constant τm=RleakCm; during the time of τm, the next input
pulse should reach to the LIF neuron to be integrated.

On the other hand, our STO FET has its intrinsic time
constant of τs. Input pulses within the time distance τs
work to decrease the threshold, which is equivalent to the
leaky integration. This means our STO FET works as a
LIF neuron without the voluminous Rleak and Cm. More-
over, the channel is metallic, we can set ID threshold for
firing to be a large value. By this large value of ID, we can
suppress the artefact of the stochastic noises.

We will show a direct implementation of τs in our pre-
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Figure 5: a) Schematic picture of LIF functionality and
its set-up. b) Comparison of the standard FET simulation
(solid lines) and our STO FET experiments (symbols) for
the set-up shown in (a) with Cm = 1 nF and Rleak = 105Ω.
The width of the input pulses is 10 µs. See text for details.

sentation, but here we show briefly an implicit evidence
of the τs effect seen in the standard LIF experiment. Fig-
ure 5(b) is a typical plot of LIF functionality exhibiting the
number of input pulses required to fire nfire as a function of
the period of the pulses for different pulse amplitudes. If
we use a standard FET for the transistor in the right panel
of Fig. 5(a), we obtain the results shown in black solid lines
(the results are obtained by simulations.) For smaller am-
plitude of the pulse, more number of pulses are required
to fire. For longer period of the pulses, more number of
pulses are also required, and there exists the longest period,
above which the firing never occurs regardless of the num-
ber of pulses. These are easily understood by considering
the leaky integration with Rleak and Cm.

However, if we replace the standard FET to our STO
FET, the black solid lines change as shown by the coloured
symbols. Because we have two leaky integration effects by
τm and by τs together, smaller number of pulses are enough
to fire. Moreover, since τs = 1.2 s is almost five orders
longer than τm = RleakCm = 0.1 ms, the leaky integration
is still effective for longer period of pulses and we could
not reach to the limit in our experiment. This indicates the
time constant τs due to IMT of STO can be used not only
for saving the bulky Rleak and Cm part but also used for
adding another longer and effective time scale to our LIF
neuron.

6. Conclusions

The FET fabricated on the STO surface shows IMT
when the creation of extrinsic VO

+ in the channel is sup-
pressed and the electric drift of intrinsic VO

+ is well-
controlled by gating. The sudden change of the screening
length gives rise to the large hysteresis and the phase shift
(intrinsic time constant) between VGS and ID. The former
is utilised for an artificial synapse and the latter gives a spe-
cial feature for the device to be used as an artificial neuron.
A great advantage is that both synapse and neuron are made
of the same material. Furthermore, the device works with
the metallic channel containing a large number of carriers,
which is beneficial for scaling as well as the large dynamic
range to suppress stochastic artefacts.
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