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Abstract— In this article, we present ultralow leakage
logic circuits by combining 3-D memristors with CMOS
transistors. Significant leakage current reductions of up
to 99% are found by experiments and simulation for a
memristive hybrid-inverter if compared with a conven-
tional inverter. Likewise, circuit simulations of memristive
hybrid ring oscillators, NAND, or full adders show more than
100% gain in energy efficiency per cycle over state-of-
the-art circuits. Importantly, the memristive circuits offer
hysteresis-free operation. The hysteresis-free operation is
due to properly engineered properties—such as the thresh-
old voltage—of the memristors to match the circuit, as well
as the self-adaptive filament diameter of our memristor
during operation. Lastly, the memristors feature a 108 ON–
OFF ratio, enabling both high speed and low leakage (∼10 fA)
when integrated with a transistor. They also come with a
well-controlled filament formation on a ∼10-nm footprint,
making them ideal to integrate with modern CMOS technol-
ogy transistors.

Index Terms— Digital circuits, FETs, hybrid FET, leakage
currents, memristor, near-threshold computing, steep slope
transistor.

I. INTRODUCTION

LOWEST power consumption is of critical importance
in all electronic applications where the power supply is

limited. This is more and more common in edge computing
for Internet of Things (IoT) devices [1] and portable embed-
ded systems [2], where reduction of power consumption can
increase battery charge intervals. In the former case (IoT),
chips composed of a sensor and a CMOS control circuit often
operate at sampling rates below 1 kHz [3]. Consequently,
the leakage (static) power between two consecutive events can
be significant compared to the dynamic power consumption.
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In the latter case (portable systems), circuits operate at a
sub- or near-threshold supply voltage (VDD), which improves
the energy efficiency of FETs in a quadratic way at the
cost of increased delay and lowered speed. In both types of
application, lowering the leakage power of CMOS circuits can
further reduce the power consumption and increase the lifetime
of the battery. However, the Boltzmann tail of the electron dis-
tribution in conventional CMOS logic imposes a fundamental
limit of 60 mV/decade to the subthreshold swing (SS) of the
drain current at room temperature [4]. As a result, maintaining
a high dynamic current requires either to increase the leakage
current or the supply voltage and dynamic power.

To overcome the 60-mV/decade limit, steep-slope transis-
tors are getting a lot of attention. Among many approaches,
the so-called hyper-FET (or hybrid-FET) in combination with
a resistive switching (RS) device is a very attractive candi-
date [5]. So for instance, hybrid-FETs with sub 60-mV/decade
SS have been demonstrated by connecting a phase change
material (PCM) to the source terminal of an FET [6]. The
PCM-FET utilizes metal–insulator transitions to achieve steep
switching.

As an alternative to PCMs, filament-based threshold switch-
ing (TS), also known as conductive bridging random access
memory (CBRAM)-type memristors [7], [8], offer steep
switching, low switching voltage, low energy consumption,
high ON/OFF ratios, and small footprint. Hybrid-FETs with
filament-based TS have been demonstrated with an SS below
5 mV/decade [9], [10].

Circuits with steep-slope hyper-FETs have been proposed.
For example, simulation with PCM-FETs predicts an improve-
ment of speed and power consumption for various circuits
comparing to conventional CMOS implementations [11]–[13].
We note that the PCM switchings are current or temperature-
induced. This may pose some additional challenges to con-
ventional circuit design as the current and temperature have
a strong dependence on the load capacitance and transistor
variations. A steep-slope circuit concept that eliminates the
hysteresis regardless of its load capacitance and transistor
variation is therefore of high relevance.

In this work, we combine a filament-based,
voltage-controlled TS device (or volatile memristor) with
FETs to form a hybrid memristive circuit technology
with ultralow leakage and no hysteresis. We have recently
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Fig. 1. Concept of our memristive FET circuits. (a) Schematic drawing
of a 3-D TS device integrated onto a FinFET. (b) HRTEM image of the
3-D TS device. A clear tip shape of the Ag electrode can be seen.

reported TS memristive devices [14] with currents below
10 fA in the high-resistance state (HRS) and low switching
voltage of 0.4 V. Here, we experimentally demonstrate a
hysteresis-free operation of memristive circuit blocks using
TS with a static power reduction of ∼99% as compared to a
CMOS reference. Also, based on our experimental results, a
doubling of energy efficiency over state-of-the-art transistors
can be achieved in near-threshold computing applications.

II. LOW-LEAKAGE THRESHOLD SWITCH

The TS memristive-circuit element to be subsequently used
is depicted in Fig. 1(a). A 3-D TS device is put in series with
the pull-down path of the nFET. It acts as a basic low-leakage
circuit element and constitutes a memristive nFET. The TS
device features a top electrode that has a unique 3-D tip
to confine the memristive operation and limit the leakage
current to the tip apex [10]. Fig. 1(b) shows a fabricated
TS device in a cross-sectional high-resolution transmission
electron microscopy (HRTEM) image. The TS device has an
active device area of less than 20 × 20 nm2, therefore it can
be easily integrated on the source (drain) contact of any FET.
The distance d between Ag and Pt at the apex of the tip can be
accurately controlled to adjust the switching-threshold voltage
(Vth) [14]. The small footprint is particularly beneficial for
cointegration with advanced MOSFET technology nodes. The
CMOS-compatible SiO2 matrix within the TS device allows
for a fabrication in the back end of line (BEOL) process.

Fig. 2 shows the switching cycle of the memristor. First,
the applied voltage (Vm) is swept at a rate of 10 mV/s.
The measured current is plotted against the applied voltage
in Fig. 2(a). A current compliance limit of 1 μA is applied
during voltage sweep, which is then drawn as the gray dashed
line. When compliance current is reached, the applied Vm

differs from the actual voltage on the TS device and therefore
does not determine the LRS resistance. The LRS resistance
is determined in Fig. 2(b) and (c) in the next paragraph. The
measured average HRS current is around 10 fA. This is among
the lowest of its kind and will be the reason for the significant
reduction of leakage power consumption in our memristive
circuits. The ultralow HRS current stems from the device
design, which keeps the area of the active surface minimal.
The switching voltage to a low-resistance state (LRS) of the
TS device is Vth ≈ 0.4 V. Note, Vth can be tuned through the

Fig. 2. Experimental characterization of our TS device. (a) Measured
I–V hysteresis during voltage sweep, five consecutive cycles (blue). The
respective simulated I–V curve based on a Verilog-A model is given
in black. (b) Measured voltage during the current sweep. The steep
transition indicates an almost-infinite transconductance gm = ΔI/ΔVm.
(c) Measured TS resistance of the LRS during the current sweep
of (b). The resistance is approximately inversely proportional to the
current. This indicates a self-adaptive feature of the filament’s diameter
to accommodate the external current.

fabrication method from ∼0.15 to 1 V [14], [15], which allows
for flexible matching to the range of valid threshold voltages
(Vth) of each circuit, which in turn depends on the VDD. At the
switching point, the current abruptly increases by a factor
of 108. The device switches back to HRS at V ≈ 0.08 V.
This volatile behavior makes it suitable for circuit integration
as no memristive reset at negative voltages is needed.

In addition, starting from the LRS, we sweep down the
compliance current logarithmically from 100 μA to 10 pA
in ∼10 s and measure the voltage (Vm) on the device. The
result is plotted in Fig. 2(b). The voltage is almost constant at
Vm,hold ≈ 0.15 V through most of the current range. This is a
consequence of the volatile nature of the metallic filament.
We also plot the resistance of LRS as a function of the
compliance current in Fig. 2(c). As one can see, the LRS
resistance is approximately inversely proportional to the cur-
rent. In summary, the filament adapts its diameter, and thus its
conductance, to the current to retain a constant voltage. This
self-adaptive characteristic drastically reduces the hysteresis
and is discussed in Section III.

For subsequent circuit design, the I–V characteristics of
the 3-D TS device have been simulated with Verilog-A
using a linear hypothesis [16], [17] to describe the fil-
ament expansion and dissolution. The simulated charac-
teristics of the atomic switch are shown by the black
line in Fig. 2(a). The threshold voltages, as well as the
leakage current, agree very well with the experimental
data.
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Fig. 3. Experimental characterization of the memristive inverter. For
better readability, we use V�

in = Vin + 0.55 V as the x-axis. (a) Typical
Is,Inv − V�

in measurement of the memristive inverter with ramp up (blue)
and ramp down (red). The noise floor is indicated in dashed gray. The
measurement of the reference inverter without a memristor is shown in
black. (b) Vout − V�

in plot of the same device. A zoomed-in view of the
transition is shown in the inset. (c) Circuit diagram of the memristive
inverter. (d) Circuit to derive the inverter Vout by measuring the nFET
output current.

III. HYSTERESIS-FREE MEMRISTIVE INVERTER

The fabricated low-leakage, hysteresis-free memristive
inverter consists of a 3-D filamentary TS device connected
to the source of the nFET of an ordinary inverter. Fig. 3(c)
shows the circuit diagram.

A. Experimental Verification
The static current of the memristive inverter as a func-

tion of the input voltage, swept at a rate of ∼20 mV/s,
is plotted in Fig. 3(a). We keep VDD = 0.8 V throughout
the whole experiment. Additionally, the same inverter without
the TS device is measured as a reference (black dashed line).
A leakage reduction by more than 30 times is obtained with
the TS device, which is only limited by the noise floor
of ∼10 pA of the measurement setup. In our demonstration,
due to the challenge of finding a matching nFET with a leakage
of ∼0.1 nA at Vin = 0 V, we use a depletion mode nFET
with leakage of ∼0.1 nA at Vin = −0.55 V, which results in
an inverter with a negative logic threshold voltage. If the TS
device would be paired with an accumulation mode nFET, the
logic threshold voltage of the memristive inverter would be
positive. To mimic the matching nFET, we shift the x-axis by
0.55 V for better readability, i.e., V �

in = Vin + 0.55 V.
Vout in Fig. 3(b) indicates a hysteresis-free switching behav-

ior. More precisely, at V �
in = 0.39 V, one can see a small differ-

ence of approximately 10 mV between the ramp up and ramp
down phases, which is magnified in the inset of Fig. 3(b). The
hysteresis is much smaller than the 40-mV switching slope of
the reference inverter (0.27∼0.31 V). We, therefore, consider
our memristive circuit hysteresis-free. Here, the output voltage
(Vout) is extracted from the measured output-current and I–V -
characteristics of an additional nFET [see inset of Fig. 3(d)].
In the range from V �

in = 0.4 V to V �
in = 0.8 V, we can see that

Fig. 4. Simulation of a memristive inverter. (a) Simulation of Is,Inv − Vin
with ramp up (blue) and ramp down (red). Reference inverter without
memristor is plotted in black. (b) Simulation of Vout − Vin. Inset: circuit
diagram. The circuit is similar to the experimental circuit used in Fig. 3(a).
(c) Circuit diagram of reference inverter. (d) Circuit diagram of the
memristive inverter.

Vout ≈ 0.12 V. This value is approximately equal to the volt-
age Vm dropping off across the TS device. Its magnitude can
be attributed to the fact that the TS device adapts its filament
diameter and resistance based on the current to keep a voltage
of Vm,hold ≈ 0.12 V, similar to what is observed in Fig. 2(b).

B. Leakage Current and Output Voltage Simulation
To accompany the experimental demonstration and charac-

terize the proposed memristive-FET technology, circuit mod-
eling is used.

Fig. 4(a) shows the simulated static current Is,inv of the
memristive inverter and compared to a reference structure
without memristor (black dashed line). Note that this is the
static current (short-circuit current) at a given voltage. The
dynamic current to charge and discharge the capacitors can be
much higher and is discussed in the next section. The leakage
current is confirmed to be lowered by a factor in the order
of 100 compared to a reference inverter without memristor
(black dashed line).

The simulated output voltage of the memristive inverter is
given in Fig. 4(b). During ramp up, the TS switches to LRS
and back to HRS at Vin = 0.22, 0.72 V respectively, marked
by the blue arrows. During ramp down, the TS switch to LRS
and back to HRS at Vin = 0.7, 0.14 V, respectively, marked
by the red arrows. At LRS, the self-adaptive characteristics
of the TS filament result in a constant voltage across the TS
as Vm = Vm,hold = 0.12 V. The TS is in LRS from 0.22 to
0.7 V during both ramp up and ramp down, therefore Vout

is not hit by any hysteresis in this range. This also implies
a hysteresis-free operation around Vin = 0.35 V where the
inverter switches its logic state.

Instead, the hysteresis of the memristive device occurs
between Vin = 0.72 V during ramp up and Vin = 0.7 V
during ramp down. Even though the memristive-nFET exhibits
a small hysteresis at ∼0.7 V, in practice, this hysteresis has
little impact on the Vin−Vout characteristic of the inverter as its
range is outside of the voltage range where the inverter flips.
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Fig. 5. Simulation of a double-sided memristive inverter. (a) Is,Inv − Vin
with ramp up (blue) and ramp down (red). Reference inverter without
memristors plotted in black. (b) Simulation of Vout−Vin. (c) Circuit diagram
of reference inverter. (d) Circuit diagram of the double-sided memristive
inverter.

By engineering the TS and FET parameters, the remaining
hysteresis window does not interfere with the static operation
points at 0.05 and 0.8 V.

C. Double-Sided Memristive Inverter
A leakage reduction on both the nFET and pFET can

be obtained by attaching the TS devices to both the nFET
and pFET. The corresponding circuit diagram is shown in
Fig. 5(d). The leakage reduction occurs at the cost of degra-
dation of the output voltage swing. The stronger the leakage
reduction, the higher the voltage swing degradation. In the
case of a double-sided memristive inverter, the output voltage
swing degradation is two times larger than for a single-sided
memristive inverter, as each TS will contribute to the degrada-
tion. To maintain a voltage swing between 0.085 and 0.715 V
(∼80% of the VDD), the leakage cannot be reduced by a factor
much larger than 20, instead of a factor above 100 (Fig. 4),
as shown in Fig. 5(a). As in Fig. 5(b), we also observe a
hysteresis-free switching at Vin = 0.40 V. The two TS devices
introduce two small hysteresis windows at Vin = 0.3 V
and Vin = 0.62 V during ramp up and Vin = 0.17 V and
Vin = 0.49 V during ramp down. Both hysteresis windows
(0.170.3, 0.490.62 V) are again outside the voltage range of
relevance.

Since the double-sided memristive circuit has the same
working principle as a single-sided memristive circuit, for the
sake of simplicity, we restrict the subsequent discussion on
the power consumption to the single-sided memristive inverter
(Fig. 4). Although for double-sided memristive circuits, the
leakage reduction, as well as the potential energy-saving might
be less significant compared to the single-sided memristive
circuit, it is still beneficial compared to the standard CMOS
circuits. There is a similar trade-off between energy-efficiency
and output voltage swing in both cases, and the operation
point can be tuned to the intended application, such as IoT
or near-threshold computing.

IV. MEMRISTIVE CIRCUITS FOR IOT DEVICES

To predict the power consumption of our memristive circuit
approach in realistic applications in IoT devices, we replaced

Fig. 6. Dynamic simulation results of the memristive inverter on the
22-nm SOI platform. (a) Vin − Vout sequence. The memristive inverter
returns the expected inverted output. (b) and (c) Zoomed-in view of the
output falling edge of the reference and the memristive inverter. An extra
delay of 10 ps from switching and a prolonged transition time can be
seen.

the original transistor model in Verilog-A with a model
corresponding to the 22-nm silicon-on-insulator (SOI) process
with a channel length of ∼20 nm, close to the state-of-the-art.
The switching speed of the memristor was also adapted to 10
ps, according to indications of switching dynamics found in
similar devices [18]. The test circuit consists of a fan-out-of-4
(FO4) memristive inverters.

The simulated input and output voltages of the resulting
memristive inverter are plotted in Fig. 6(a). When Vin switches
from VDD to 0 V, Vout goes from 0 V to VDD. During
this process, the memristor remains in its HRS and there
is little difference with the behavior of a reference inverter
without memristor. Yet, when Vin switches from 0 V to
VDD, the switching processes of the reference and memristive
inverter differ, as illustrated in Fig. 6(b) and (c). The memris-
tor switches to its LRS of 5 k� after a delay of 10 ps, which
is indicated by the rise of Is . As a result, the transition time
increases from 10.7 to 18.7 ps with a memristor.

The dynamic and static power consumption per cycle,
as well as their ratio, are shown in Fig. 7 as a function of the
switching frequency. Due to the presence of a TS device in the
memristive circuit, the static power of the memristive inverter
(blue straight line) is reduced by a factor of 150 over the static
power consumption of the reference inverter (black straight
line), while the dynamic power only increases by approxi-
mately 5% (dashed plots around 1 fJ). The energy savings
are plotted in green in Fig. 7 as a function of the operation
frequency. Below 100 kHz the static power consumption dom-
inates over the dynamic and the memristive inverter features
a lower total power consumption than the reference inverter.
This favorable power consumption performance makes the
memristive inverter suitable for sensor applications where low
sampling rates suffice. The memristive inverter saves more
than 50% energy at 1 kHz and even more at lower frequencies.
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Fig. 7. Static and dynamic energy for memristive and reference inverters
as a function of frequency. The total energy saved when we use the
memristive inverter is shown in green on the right axis. The memristive
inverter saves more than 50% energy at a frequency of 1 kHz and much
more at lower frequencies.

TABLE I
TS MODEL PARAMETERS

This demonstrates that the proposed memristive-FET circuit is
advantageous for low-frequency IoT devices in terms of power
consumption.

V. MEMRISTIVE CIRCUITS FOR NEAR-THRESHOLD

COMPUTING

Following the same approach as for low leakage IoT cir-
cuits, we now focus on near-threshold computing. As we
lower the VDD from 0.8 V by more than a half, for the
best performance-energy balance, we also select transistors
with lower threshold voltage and higher leakage. Moreover,
to ensure an output voltage swing larger than 80% of the
VDD, the leakage reduction is set to 20×. As a consequence,
we exchange the TS by a lower switching-threshold volt-
age (Vth) device to match the transistor characteristics. The
parameters of the standard and lower-switching threshold TS
are given in Table I. It is worth noting that both models are
based on experimentally demonstrated TS devices we fabri-
cated [10], [14]. In addition, Vth is adjusted to best match VDD.

However, process variations and random telegraph noise
do not scale well with VDD. When the VDD is too low,
these factors will limit the reliability and makes circuits
impractical [19], [20]. For this reason, we constrain our VDD

range to VDD ≥ 0.26 V.

A. Voltage-Delay Analysis
To determine the performance in terms of delay and speed,

we have performed extensive memristive inverter simulations.
We have used an 11-stage ring oscillator (RO) constructed

Fig. 8. Frequency (black, left axis) for memristive and reference RO as a
function of VDD and the frequency difference in percentage (green, right
axis).

using CMOS inverters without TS devices attached to the
pull-down path as a reference. The simulation results are
depicted in Fig. 8. With the introduction of the TS devices in
the RO, a slight reduction of the RO’s fundamental frequency
can be seen. However, the frequency difference remains below
10% for the operation regime at VDD < 0.38 V. This is the
VDD regime with a lower dynamic energy per cycle, which is
of high interest for low power applications, as discussed in the
following.

We have run additional simulations where device variability
is accounted for. We used the 11-stage RO and at VDD = 0.45
V and a TS switching voltage Vth = 0.26 V. As shown in
Table II, for typical–typical (tt), slow–slow (ss), fast–slow (fs),
the frequency difference between the memristive and reference
RO is within 20%. For fast–fast (ff) and slow–fast (sf), as the
frequency is above 1 GHz, the TS device further limits the
RO’s operating speed. Moreover, for the variability of the
TS, we considered a broad range of Vth TS at all corners
with VDD = 0.45 V. The RO at all corners works with
Vth values from 0.21 to 0.33 V. When Vth > 0.33 V, the
TS will not easily switch on during the Vin = 0 → VDD

transition for the sf corner. Then, when Vth < 0.21 V,
it may switch to the LRS at undesired voltage swing for the
fs corner.

B. Energy Analysis
We now evaluate the potential energy saving of logic circuits

employing the TS devices. For this, we use the simulations
from Fig. 8 to extrapolate the delay performance of a typical
logic circuit. Without loss of generality, we assume that our
model circuits are able to operate at 5% of the fundamental
frequency of the 11-stage RO. These operation frequencies
are much lower than what the 11-stage RO would permit.
Operation at 5% of the maximum frequency of a simple
RO is reasonable. The maximum operation frequency would
depend on actual implementations and applications though.
The chosen ratio yields realistic optimum operation points for
the technology in question below.
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TABLE II
CORNER SIMULATION OF RO FREQUENCY

Fig. 9. Demonstration of NAND logic. (a) Circuit diagram of the memristive
NAND. (b) Input and output voltage sequences. The output of memristive
and reference NAND are given in red and black, respectively. Only when
both Va and Vb are high (between 2.5 and 7.5 ns), Vz is low.

Fig. 9(a) shows the circuit diagram of a memristive NAND,
which is considered among the fundamental building blocks
for a digital circuit. We use the same nFET and pFET as we
used for the RO. A sequence of voltage inputs Va , Vb, and
output Vz is reported in Fig. 9(b), with VDD = 0.4 V, demon-
strating its proper functionality.

The energy consumption result as a function of VDD is given
in Fig. 10. Fig. 10(a) shows the static and dynamic energy
per cycle for both the memristive and reference NAND. The
energy is defined as the average over all transitions from each
of the four input states to another state. The static power is
the average over four static states. With the memristive NAND,
the leakage energy is reduced by ∼95%. In addition, the TS
switching delay also eliminates the short-circuit current [21].
As a result, the dynamic power of the memristive NAND at
VDD < 0.4 V is lower than that of the reference NAND.

Fig. 10(b) shows the total energy per cycle as a function
of VDD. For the reference NAND, the total energy per cycle
reaches its minimum of 33.4 aJ (highest efficiency) at VDD =
0.4 V. The lowest total energy per cycle of the memristive
NAND is 15.8 aJ at VDD = 0.26 V, where it is more than
52% smaller than the minimum energy of the reference NAND.
This corresponds to an efficiency gain of 111%. Note that we
restrict VDD to be higher than 0.26 V. Lower values would not
be practical, though it can be inferred that the performance
gain could be even higher at lower VDD.

The memristive NAND lowers the leakage current signif-
icantly (∼20×) and therefore effectively shifts the energy
optimal operation voltage of a circuit to a lower value. Like
most design parameters, this effect can be exploited by a
designer to achieve different energy-delay trade-offs. As an

Fig. 10. (a) Static and dynamic energy per cycle for memristive and
reference NANDs as a function of VDD. Right axis: frequency of the NAND.
(b) Total energy per cycle for memristive and reference NAND as a function
of VDD. Right axis: the ratio of the reference and memristive total energy.

TABLE III
FULL ADDER PERFORMANCE COMPARISON. VDD = 0.4 V

Fig. 11. Circuit diagram of the memristive full adder. It consists of nine
memristive NAND, as depicted in Fig. 9.

example, the nFET threshold voltage could be further reduced,
increasing the operation speed at the expense of increased
leakage. In fact, for the result of the memristive NAND reported
in Fig. 10, a 10% increase in leakage (0.4 aJ at VDD = 0.26 V)
would completely compensate for the performance loss of the
TS device at VDD = 0.26 V, while still maintaining an overall
106% efficiency gain. This way, the memristive circuit offers
an additional tuning parameter to allow designers to adapt their
circuits over a broader range.

C. Memristive Full Adder
As the last illustration, we constructed a memristive

full adder with nine memristive NAND gates (see Fig. 11).
We simulated its characteristics at VDD = 0.4 V, f = 20
MHz, which is the optimal operation point of the reference
circuit. The corresponding static and dynamic powers, as well
as efficiency gain, can be found in Table III. The dynamic
power is the average over all transitions from each of the eight
input states to one of the four output combinations, whereas
the static power is the average over the eight possible input
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combinations. It is found that the static power of this adder
is reduced by 94.7% and the total efficiency is increased by
13.9%. Note that the reference full adder is already operating
at the optimum VDD with the highest efficiency, while more
gain in efficiency could be expected if we lower the VDD

to the most efficient operation point of the memristive
full adder.

VI. SUMMARY

A 3-D TS device with around 10-fA leakage has been
combined with CMOS transistors to build low-power mem-
ristive inverter element. A leakage current reduction by
a factor of 100 was found in the experiment. Also,
a hysteresis-free operation was demonstrated. Based on these
findings, the power consumption of other interesting mem-
ristive circuits was derived based on calibrated simulations.
Using the proposed memristive circuit approach, we find sig-
nificant reductions of the total power consumption at operation
speeds up to 100 kHz. Additionally, an improvement of the
power efficiency by a factor of 2 is demonstrated for near-
threshold computing. All of these findings make the proposed
approach ideal for low-power applications and IoT sensing.
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