Technical Physics, 2025, Vol. 70, No. 7

07

Synapse-resistor based on semiconductor-metal transition in vanadium

dioxide

© D.A. Kalmykov,' V.Sh. Aliev,':* S.G. BortnikoV!

'Rzhanov Institute of Semiconductor Physics, Siberian Branch, Russian Academy of Sciences,

630090 Novosibirsk, Russia
2Novosibirsk State Technical University,
630073 Novosibirsk, Russia

e-mail: aliev@isp.nsc.ru

Received December 26, 2024
Revised February 2, 2025
Accepted March 9, 2025

An artificial synapse (synapse-resistor) for neuromorphic circuits has been developed and investigated; its
operating principle is based on the use of semiconductor-metal phase transition in vanadium dioxide. Vanadium
dioxide polycrystalline thin films were synthesized by ion-beam sputtering-deposition method. The synapse-resistor
was formed by photolithography on SiO, membrane. The linear dimensions of the synapse-resistor are ~ 100 um.
The electrical characteristics were investigated and the possibility of controlling the resistance of the synapse-resistor
by electrical pulses was demonstrated. The performance of the synapse-resistor at the specified dimensions was
about 20 us. An electrical scheme of McCulloch-Pitts artificial neuron realization based on synapse-resistors was
proposed. The synapse-resistor design allows scaling down to the size of a few microns, which will reduce power
consumption and increase performance by more than 100 times.
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Introduction

The neurocomputer is a device designed for processing
information and is similar to a neural system of biological
organisms [1]. The similarity can be considered in line
of a paradigm of information flows and in line of analog
electric circuits. Both approaches can be simulated by
software means in a traditional von Neumann computer.
However, when solving such important practical tasks,
as recognition, control and forecasting, speed and energy
efficiency that is achieved in this case are significantly lower
than that of the neural system of biological organisms [2].
Inefficiency of the von Neumann computer was a motivation
for creating specialized hardware means. At a level of
information flows, such a hardware solution is creation of
multi-core processors. Presently, this field of development
of the neurocomputers is the most developed. However,
performance of such systems increases as a logarithm of a
number of cores and is hindered by a problem of ,.effective
parallelism“ [3].

Creation of the neurocomputers in the paradigm of the
analog electric circuits assumes physical implementation of
devices that carry out functions of an artificial McCulloch-
Pitts neuron [4], whose key element is a synapse. A
number of the synapses in a neuron network is by 2—3
orders more than the neurons themselves. Therefore,
physical implementation of the very synapses is a key
problem for creating the neurocomputers as the analog
electric circuit. Synapses are actually an element of long-
term multi-level memory, whose state can be change by

an external electric pulse. Presently, the artificial synapses
were implemented based on CMOS structures with memory
electrical capacitors [5] and based on memristors with a
metal-dielectric-metal structure [6-8], wherein a memory
medium is a specially prepared dielectric layer. This layer
can reversibly vary its conductivity under impact of the
external electric pulses.

An alternative approach to creating the artificial neuron is
use of thin vanadium dioxide polycrystalline films (VO;).
The VO, crystal is a Mott-Peierls semiconductor with
a semiconductor-metal (SM) phase transition temperature
of 341K [9]. This temperature is close to the room
temperature, which is an important feature of this material
for its practical application. In the same way as in the
crystals, the VO, polycrystalline films exhibit the SM phase
transition and at the temperature of the phase transition a
jump of the conductance value is 2—3 orders. These films
were used for creating an artificial soma [10] that is an
active part of the neuron. It was shown that this artificial
soma can carry out almost all functions of a biological soma,
namely a summator, a threshold device and an electric
pulse generator. However, despite some attempts, it still
impossible to create the artificial synapse based on the
VO, films [11-13]. Creation of the synapse opens the
possibility of forming the completely artificial McCulloch-
Pitts neuron in one technological cycle by using only one
functional material (the vanadium dioxide polycrystalline
films). Previously, the authors suggested an idea of an
artificial synapse device [14]. The device is designed based
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on using specific features of the SM phase transition in
VO, and spatial alignment of a synapse-resistor and a heater.
The aim of the present study is to physically implement the
artificial synapse as an electrical resistor (synapse-resistor)
based on the vanadium dioxide thin film and to study its
electrical characteristics.

1. Research methods

1.1. Synthesis of VO,

The VO, films were synthesized by Ion Beam Sputtering
Deposition (IBSD). The method is described in detail in the
paper [15]. The residual pressure in the vacuum chamber
before the film sputtering was 7 - 107> Pa. For sputtering,
a metal target of vanadium was used (the grade MnV-1,
V> 99.5%). The target was sputtered with ions of Ar"
with an energy of 1200 eV. The density of an ion current di-
rected at the target was kept constant and was 1.0 mA/cm?.
To obtain oxides, high purity oxygen (Oz > 99.999 %) was
supplied to the chamber. The partial pressure of oxygen
in the growth area was about 1.0 - 1072 Pa. The substrates
were double-side polished Si(100) plates KEF-4.5 that were
coated with thermal SiO,. The temperature of the substrates
during growth did not exceed 350 K. The deposition rate,
as well as the film thickness, were controlled by a quartz
crystal microbalance (Maxtek, Inc.). The typical film
thickness was about 100nm. The synthesized films were
amorphous as per data of scanning electron microscopy
(SEM) (Hitachi SU8220) and their dependence of resistivity
on the temperature exhibited no SM phase transition. The
SM phase transition appeared after crystallization (as per
the SEM data) of the amorphous films by annealing at the
temperature of 873 K in the atmosphere of high purity argon
(Ar > 99.999 %). The heating/cooling rate during annealing
was about 10 K/min.

1.2. Synapse-resistor

The synapse-resistor is a film planar structure, whose
lateral sizes significantly exceed the film thickness. The
electrical resistance of the films of this kind of the structures
is characterized by using a notion of layer resistance [16].
The layer resistance (Rs) is related to resistivity (o) of the
film material by the formula: Rs = p/d, where d is the film
thickness.

The SM phase transition in our grown VO, polycrystalline
films was manifested as a jump of the layer electrical
resistance at the temperature of 325K (Fig. 1). This
property of the VO, films opened the possibility of creating
resistors, which at the same temperature that is equal to the
temperature of the SM phase transition, may have different
resistance within a range determined by a hysteresis width
on the dependence Rs(T). Planar film resistors were
manufactured based on these films. As can be seen in Fig. 1,
a width of the range of variation of the resistor resistance
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values can be up to 7 dB. It was found the value of synapse-
resistor’s electrical resistance could be controlled by heating
and cooling the VO, film near the temperature of the phase
transition. The VO, film was heated by an additional resistor
Rn acting as a heater.

Preliminary experiments on silicon and glass substrates
have shown that thermal insulation of the synapse-resistor
and the heater from the substrate was crucial for operation
of the device [17]. Therefore, for thermal insulation from
the silicon substrate the synapse-resistor and the heater
were placed on a thin (300 nm) membrane of thermal SiO;,
which was formed on the silicon substrate by wet oxidation,
and aligned with each other (Fig. 2,a).

The VO, polycrystalline film was arranged between metal
electrodes (Au/Ni). The heater was above the VO, film of
the synapse-resistor and was separated from it by a thin
dielectric layer (the plasma-chemical SiO,) (Fig. 2,5). In
this design, heat from the heater was effectively transferred
to the VO, film of the synapse-resistor. The membrane
was prepared by deep anisotropic etching of the Si(100)
silicon substrate in a 20 % aqueous solution of tetramethy-
lammonium hydroxide. The heater was a resistor based
on the vanadium oxide film that was not annealed, so
the film exhibited no SM phase transition. However, it
is known that these films are used as sensitive layers
in microbolometric matrices and have a high temperature
coefficient of resistance [18]. Therefore, the electrical
resistance of the heater significantly depended on its heating
by an external voltage source (Fig. 2,d). The synapse-
resistor cell that is manufactured by the microelectronics
technology consisted of three resistors (Fig. 2,¢). The
resistors Ry and Ry were placed on the membrane, while
the resistor R, was outside the membrane on the Si(100)
substrate that is coated by thermal SiO,. The resistor Ry
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Figure 1. Dependence of the layer resistance of the VO, film on
a membrane on the temperature Rs(T). Tpy is the temperature of
the SM phase transition. ARs — is a range of possible values of
the layer resistance at the phase transition temperature.
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Figure 2. Design of the synapse-resistor: ¢ — a photo of the
synapse-resistor and the heater at lumen in an optical microscope;
b — a schematic drawing of the cross-section of the synapse-
resistor and the heater; ¢ — an electric connection diagram:
Rh — the heater, Ry — the synapse-resistor, Ra — the additional
resistor (none on the photo); d — the dependence of the electrical
resistance Ry on the voltage Us;.

Figure 3. Diagram for measuring the parameters of the synapse-
resistor. SR is a synapse-resistor unit. Us; and Us, are voltages at
an input and an output of the SR unit, respectively. The resistors
Rh and Ry are interconnected by heat transfer.

was not heated during operation of the synapse-resistor and
its resistance remained constant.

1.3. Electric diagram

The studied synapse-resistor Ry was included in the elec-
tric diagram (Fig. 3) designed with parallel connectability
of n similar circuits to the load resistor R.. It allowed
emulating and studying operation of a separate synapse in
the artificial neuron.

The relations of the resistance values in the diagram
of Fig. 3 were as follows: R, =~ Ra, R« < Ry, Ry < Ry
and R. < Ra. The circuit input was energized with DC

voltage E; so as to heat the resistors R, and Ry to the
temperature of the SM phase transition. A common circuit
node of these resistors was connected to the load resistor
R, via the additional resistor R;.

2. Experimental results and discussion

The synapse-resistor was heated by applying the DC
voltage E;. Rx < Ry and R,, therefore the magnitude Ry
slightly affected heat release in the heater R,. The thermal
power of the heater P ~ Uszl/Rh, as the voltage Us; almost
entirely drops at the heater Ry. The value of the resistance
Rx was calculated by the measured voltages Us, and U
(Fig. 3). The dependence Ry(P) was measured (Fig. 4,a).

First, the synapse-resistor was heated by increasing the
power to P = 2.5mW, then the heater power was reduced,
the synapse-resistor was cooled and there was an observed
increase of the magnitude Ry. However, the resistance Ry
did not return to its initial value at the room temperature.
With subsequent multiple heatings and coolings of the
synapse-resistor, the curves Ry(P) are already aligned with
each other. In our opinion, this phenomenon is caused
by relaxation of mechanical stresses in the synapse-resistor
during the first heating of the structure. It is known that
the mechanical stresses affect a value of resistivity of the
VO, films [19,20]. This specific feature was observed for all
the studied synapse-resistors: the curve Ry(P) for the first
heating differed from the curve for the subsequent heatings.

The SM phase transition occurred at the heater power
Pph, which corresponded to the voltage Us; = 9.0 V. This
value of the voltage is designated as Up,. At this voltage, the
range of variation of resistances of the synapse-resistor was
close to its maximum value. The states with extremely high
HRS (high resistance state) and extremely low LRS (low
resistance state) resistances were at the major branches of
a hysteresis loop (Fig. 4, b, the points 4 and 3).

For comparison, Fig. 4,a shows the dependence of the
layer resistance of the VO, on the temperature. A tem-
perature scale was selected so as to align the dependences
R«(P) and Rs(T) as accurately as possible. Quite accurate
alignment of the two dependences (+10%) means that the
heater and the synapse-resistor had a good thermal contact
and thermal insulation from the silicon substrate.

In order to control the electrical resistance of the synapse-
resistor, the voltage E; was set so that Us; = Uy (Fig. 4, b).
Then, pulses of positive of negative polarity were supplied
to the circuit input (Fig. 3). When supplying the positive
pulse, the numerical value of the pulse amplitude was
summed up with a numerical value of the voltage Up, and
the VO, film was heated above the temperature of the
phase transition (Fig. 4, b). Then, after transmission of the
pulse, the film was cooled to the initial temperature that
corresponded to Pph, but with the value of the resistance
R« below the initial value (the point /—the point 2).
When supplying the negative pulse, a numerical value of its
amplitude was subtracted from the numerical value of the
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Figure 4. Range of accessible values of synapse-resistor resistance: a — comparison of the dependences Ry(P) and Rs(T), P — thermal
power of the heater, HRS — a high resistance state, LRS — a low resistance state, rel — relaxation; » — the zoomed-up area of the

phase transition, as shown on Fig. 4, a.

voltage Uph, the VO, film was cooled below the temperature
of the phase transition and after transmission of the pulse
the resistance Ry increased (the point I —the point 3).
Thus, when P = Py, supplying the positive pulses resulted
in decrease of the synapse-resistor’s electrical resistance,
whereas supplying the negative pulses resulted in increase
thereof.

A path on the dependence Rx(T) (Fig. 4, b), along which
the motion from the point / into the point 2 or 3 took
place, was determined by a shape of the major and minor
branches of the hysteresis loop [21,22].

If during heating or cooling the path did not extend
beyond boundaries of an internal area that was formed by
the major branches of the hysteresis loop, then the electrical
resistance Ry did not change, since the minor loops are
always closed. This property of the phase transition
determined the minimum amplitude of a governing pulse
and provided stability of the resistance Rx at small random
oscillations of the temperatures near a phase transition point.
The allowable random oscillations of the temperature were
determined by the hysteresis width and ranged from +2K
to £4 K for various values of the synapse-resistor resistance
magnitudes.

A response of the magnitude Ry to transmission of the
governing pulses of a various amplitude was measured with
pulse duration At = 400us (Fig. 5,a). It is obvious a value
of the pulse amplitude must not exceed the magnitude Up,
and varied from —9V to +9 V. The HRS was selected to be
an initial one. Then, the positive-polarity pulses of an ever-
increasing amplitude were supplied. There was an observed
increase of the magnitude Ry (Fig. 5,a, the curve (1(+)),
which accompanied the amplitude growth. When the pulse
amplitude reached the value of +9V, the magnitude of the
synapse-resistor resistance saturated at a level that was a
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little higher than the LRS level. When reaching the state
close to the LRS, the negative pulses were supplied, whose
amplitude varied from zero to —9V (the curve 3(—)).
Fig. 5,a shows that supplying the negative-polarity pulses
did not result in return of the magnitude Ry to the initial
value (3040€2). There was observed saturation of the
magnitude Ry at a level near 2000 €2. If the positive pulses
were resupplied from this level, then the resistance variation
curve returned to the level close to LRS (the curve 3(+)).
By supplying alternatingly the pulses of the positive polarity
and the pulses of the negative polarity, it was possible to
move now along the curve 3(—), now along the curve 3(+),
but the initial HRS was still in accessible. Thus, the
allowable range of the resistances Ry was limited by two
levels shown in Fig. 5,4, ULR1 (upper limit of range 1)
and LLR (lower limit of range). The allowable range of
variation of the resistances Ry was significantly extended
with increase of pulse duration to 2ms (the curves 2(+)
and 2(—)). However, it was possible to return to the HRS
only after (~ 200 ms) switching offfon the power supply E;
(a pause pulse front < 10ms). Unlike the LRS, the HRS
was actually unattainable when controlling the magnitude of
the resistance Ry by supplying the pulses.

Stability of the magnitude of the synapse-resistor resis-
tance will obviously depend on noise and random voltage
surges that are available in the electric circuits. Therefore,
we measured the influence of small amplitudes of the pulse
on the magnitude Ry (Fig. 5,b). It is clear that the pulses
with the value of the amplitude < 0.15V practically did
not change the magnitude Ry. As noted above, it is a
consequence of the special feature of the phase transition
in the VO, films. While thermal energy released in the
impulse is insufficient for heating the synapse-resistor to
the temperature of a transition from the minor to the
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Figure 5. Dependence of the synapse-resistor resistance Ry on the pulse amplitude: @ — the governing pulses with the amplitude from
—9 to +9V, ULR1 — the upper limit of the synapse-resistor resistance range for the pulses of duration of 400 us, ULR2 - the same with
duration of 2ms, LLR — the lower limit of the resistance range; b — the small pulse amplitudes, Rec — the ,,recognition mode, Tr —

the ,training” mode.

major branch of the hysteresis loop, the magnitude of the
resistance Ry does not change. On the other hand, the
pulses below 0.15V can be used in the neuron network for
the ,,recognition mode, while the pulses above 0.15V can
be used therein for the ,training“ mode. The areas of the
»recognition® mode and the ,training“ mode are divided in
Fig. 5,b by a dashed line.

Depending on the diagram solutions, the ,training®
mode may use a variable number of pulses of pre-set
amplitude and duration, rather than the pulses of the various
amplitude. For varying the magnitude of the synapse-
resistor’s electrical resistance, a determining magnitude is
not the pulse amplitude, but thermal pulse energy that is
proportional to P*At, where At is pulse duration.

In order to measure the influence of the number of the
governing pulses on the magnitude Ry, a pulse amplitude
Upuise = 9V was selected, wherein the pulse duration varied
within the range (20—2000us), and the number of the
pulses varied within the range (1—9). For the positive-
polarity pulses, an initial state (before supplying the pulses)
was selected to be the HRS. Then, the pulses were
supplied, wherein the initial stage for the next pulse was
a state attained after termination of the previous one. The
dependence of the magnitude Ry on the pulse number (N)
was measured. The dependences Rx(N) were measured for
various pulse durations (Fig. 6,a). For the negative-polarity
pulses, an initial state (before supplying the pulses) was
selected to be the LRS and the similar dependences were
measured (Fig. 6, b). It is clear that the pulse duration (At),
at which there was still observed variation of the magnitude
Rx is 20 us. This value is obviously determined by a thermal
mass of the resistors Ry and Ry, and a degree of their thermal
insulation from the environment.

On the other hand, the pulses with the duration below
20 us and the amplitude within the range from —9V to
49V can be used in the ,recognition mode. A transition
from the ,recognition mode into the ,training“ mode may
be realized by varying the pulse duration without changing
the pulse amplitude.

The values of At and energy consumption in the
»raining“ mode can be significantly reduced by decreasing
geometrical sizes of the synapse-resistors. When reducing
the device sizes, the thermal mass decreases as r® (r is
a characteristic size of the synapse-resistor), while a device
area and respective thermal losses due to thermal conductiv-
ity decrease as r2. As a result, with decreasing the synapse-
resistor sizes in 100 times, one might expect decrease of
the tuning pulse duration to 0.2 us. For the same reason,
when scaling the synapse-resistor from 100 um to the sizes
~ lum energy consumption in the training mode must be
also reduced in 100 times, ie. from 0.88 mW/synapse to
8.8 uW/synapse.

Energy consumption of the synapse-resistor is the greatest
when training the neuron network and is related to the need
of heating the resistors Ry and Ry by the source E; to the
temperature of the SM phase transition. However, in the
»recognition“ mode, when training is not required, energy
consumption may be reduced in tens of times by heating the
entire Si substrate up to the phase transition temperature
with simultaneously decreasing the voltage E;. As noted
above, at the temperature of the SM phase transition, the
values of the magnitudes Ry of the synapse-resistors may
be stored indefinitely long and energy is required only for
maintaining the temperature of the phase transition with
accuracy of £2K (Fig. 1). It should be noted that the
temperature of the SM phase transition in the VO, films
is close to a typical temperature of microprocessors in
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Figure 7. Dependence of the synaptic weight of the synapse-
resistor w on the amplitude of the governing pulses Upuise.

conditions of the stationary operation. Therefore, by using
heat release in associated microelectronics components, it
is possible to significantly reduce energy consumption for
functioning of the neuron network in the ,recognition®
mode.

For the synapse-resistor, a synaptic weight may be
introduced (w):

o ~ (Ry — Ruir)/(Rutr — Ruir),

where Ryrr, RLrr are an upper and a lower limit of the
accessible rang of Ry, respectively.

When controlling the synaptic weight by supplying the
pulses of the various amplitude and polarity, the coeffi-
cient w takes the values within the interval (0, 1) (Fig. 7).

The synapse-resistors can be used for creating an analog
circuit that carries out functions of the artificial McCulloch-

Technical Physics, 2025, Vol. 70, No. 7

The MacCulloch-Pitts model

\wzz:
T aA e
€ o™

RO, Thr Output
L > e

ERL

Figure 8. Artificial neuron based on the units:
SRy, ...SRi, ...SRn, SR with the synapse-resistors. Rpa — the
input load resistor, R, — the output load resistor, A — the differ-
ential amplifier, Thr — the threshold device. X, ... X, ... Xy —
the input signals. Xy — the decelerating signal, a — the output
signal. Insert: the artificial neuron as per the McCulloch-Pitts
model [4].

Pitts neuron (Fig. 8). When supplying the operating
pulses (Xo, X; — Xq) in the ,recognition mode (the pule
amplitudes < 0.15V), the input pulses will be summed
up at the resistor Rpp and supplied to an inverse input
of the differential amplifier A. The value of the resistance
Rpa shall be selected so that in terms of the amplitude
value the total pulse corresponds to a value of the pulse
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amplitude at the resistor Ry, with the values of resistances
of all the synapse-resistors Ry = Riir. The total output
signal from the resistor R, shall be supplied to a positive
input of the differential amplifier. As a result, components
associated with Ryir will be subtracted from the total
pulse at the resistor Ry and a difference signal that is
proportional to Zin:o wj - X; will be amplified. This synapse-
resistor diagram can be applied both for the artificial neuron
networks of the pulse type and the networks of the potential

type.

Conclusion

The thin VO, polycrystalline films with the SM phase
transition allowed manufacturing the electrical resistor
(synapse-resistor) that can carry out functions of the
artificial synapse in the model of the artificial McCulloch-
Pitts neuron. The synaptic weight w can take a continuous
number of values within the interval (0, +1). The value
of the synaptic weight was controlled by supplying the
voltage pulses of the various amplitude from —9V to +9V
or the pulses with the amplitude (+9V, —9V) of the
various duration within the interval from 2ms to 20us
to the input of the synapse-resistor device. The obtained
parameters of the resistance control mode were achieved
experimentally on the synapse-resistors with a linear size of
about 100 um. Since the synapse-resistor is manufactured
by the microelectronics technology, it can be scaled down
to the sizes 1um, which can increase, as estimated, the
speed in 100 times and decrease energy consumption by
the same number of times.
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