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Quantum Conductance and Temperature Effects
in Titanium Oxide-Based Memristive Devices

Itir Kéymen™', Member, IEEE, lvan De Carlo*, Matteo Fretto™, and Gianluca Milano

Abstract— A thorough investigation of quantum con-
ductance properties and the effects of temperature on
Cr/Au/TiO,/TiOx/Cr/Au memristive devices is presented.
Besides fabrication and resistive switching characteristics,
two different programming strategies have been explored
to observe quantum conductance effects. The first strategy
was based on device stimulation with slow current sweeps
to observe quantum levels in the SET region, while the sec-
ond aimed to achieve quantum steps during RESET using
slow sweep stimulation. The effects of the two different
programming strategies are compared. It is also shown that
these devices can be programed to achieve stable quantum
levels, as revealed by retention measurements performed
after programming the device to 1 Gy. Furthermore, the
temperature-dependent electronic conduction mechanism
of the device after being programed to different internal
resistance states has been analyzed, revealing a semicon-
ductor behavior with an increase in resistance by lowering
the temperature in either a pristine state, low-resistance
state, or resistance states close to the quantum conduction
regime.

Index Terms— Memristive devices, memristor, quantum
conductance, resistive switching, temperature effects.

. INTRODUCTION
HE scaling of electronic microchips is beginning to
T slow down as transistors approach a physical limit [1].
The gradual switch from conventional planar transistors
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to 3-D structures, namely finFETs is also being followed
by innovative computing principles as well as emerging
devices to satisfy the growing computational needs for cogni-
tive processing, big-data analysis, and low-power intelligent
systems based on the Internet of Things [2], [3]. Power
consumption of devices and switching speeds are significant
bottlenecks for implementing these data-heavy applications.
Hybrid memristor + CMOS systems are particularly suitable
for resistive and neuromorphic computing [4]. Memristive
devices offer near-zero standby power [5], fast write/read [6],
nanoscale nonvolatile memory, scalability [7], and CMOS
compatibility [8], [9].

Redox-based memristive devices have commonly been
classified into two categories: cation or electrochemical met-
allization (ECM) devices, anion or valence change memory
(VCM) devices [10], and dual ionic devices [11], [12]. These
categories define the physical mechanisms that are respon-
sible for switching in memristive devices. In VCM devices,
the electrically-driven formation and rupture of a conductive
filament, which connects the two electrodes, lead to the
distinct resistive states: the high-resistive state (HRS) and
low-resistive state (LRS) [13]. The movement of oxygen ions
inside the metal-oxide matrix is responsible for the formation
of a conductive filament rich in oxygen vacancies due to the
application of an electrical signal to the device, but it has also
been observed that cations also have a role in the switching of
these devices [14]. In VCM cells, where it was shown that the
Schottky barrier at metal/metal oxide interfaces has an active
role in regulating resistance states [15], transition metal oxide
active layers such as HfO, [16], VO, [17], and TiO, [18], [19]
are usually coupled with electrochemically inert electrodes.

As a result of device miniaturization, quantum conductance
has been observed in memristive devices [14], [18], [20], [21],
[22], [23]. Quantum conductance refers to the conductance of
a quantum point contact, which, in memristive devices forms
due to the conductive filament made up of metal ions, oxygen
vacancies or both as explained previously. Quantum conduc-
tance is expressed as multiples of the fundamental unit of
conductance G, where Gy = 2¢2/h (e is the electron charge
and A is Planck’s constant) [14] (where 1/Gy ~ 12.9 k€).
This characteristic of memristive devices has recently started
drawing attention since this physical phenomenon can be
exploited for a wide range of applications including multilevel
data storage, logic applications (exploiting the bistable switch-
ing characteristics of quantum conductance), neuromorphic
computing (constructing and tuning conducting filaments),
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and hardware security (memristive devices exhibiting quantum
conductance used as random number generators) [14], for
use as a standard of resistance for developing embedded
self-calibrating systems and in metrology for the development
of new standards [24]. Memristive devices employing different
structures such as gap-type devices [25], nanotube arrays [26],
planar devices employing 2-D materials [27], [28], and more
traditional vertical devices (Au/VO,/NSTO [17], Cu/HfO,/Pt
[9], and SrTiO3/TiO,/Ti/Au [18]) have been observed to
exhibit quantum conductance effects.

While TiO, as an active layer for memristive devices has
been well studied [29], [30], [31], a potential for attaining
controlled quantum effects [18] and structural investigations
concerning this characteristic have been recently reported [32].
Through the present work, a statistical analysis of quantum
effects, attained by two distinct programming strategies, sheds
light on the quantum conductance characteristics of TiO,/TiO,
memristive devices. Moreover, temperature effects on similar
devices to the one presented in this work (i.e., stacked mem-
ristive devices employing transition metal oxide active layers)
report encouraging results to enable accurate modeling and
explore operational capacity in a narrower range of higher tem-
peratures [33], [34]. This work exposes the memristive devices
to temperatures down to 8 K to investigate the electronic con-
duction mechanism in fixed states (one ~5 Gp) with varying
temperatures. The well-studied memristive dynamics of the
TiO,/TiO, active layer was preferred in this work to enable
the temperature-dependent measurements at various resistance
states and acquiring repeatable quantum conductance behavior
to carry out statistical analysis.

This work presents characterization results of TiO,/TiO,
memristive devices with Cr/Au top electrodes. These results
present: 1) a thorough statistical analysis of their quantum
conductance effects measured by using two distinct program-
ming strategies: applying a slow current input to SET the
device and applying a slow voltage input to RESET the device;
2) a demonstration of Gy retention; and 3) a temperature-
dependent (8-230 K) electronic conduction mechanism of
pristine states, low-resistance states, and resistance states close
to the quantum regime.

Il. EXPERIMENTS

Cr/Au/TiO,/TiO,/Cr/Au devices were fabricated on a 3-in
Si+SiO, wafer (oxide thickness 400 nm). Both top and bottom
capping layers are Au. Cr was used as an adhesion layer
for Au, and 5-nm Cr was deposited by E-beam evaporation.
40-nm Au was deposited using thermal evaporation. Electrodes
were patterned using a negative photoresist and lift-off was
performed. The active layer consists of stoichiometric TiO,
and doped TiO,. The stoichiometric TiO, is conventionally
deposited through sputtering a TiO, target with argon allowed
in the chamber only. The TiO, layer was attained by sputtering
a Ti target while allowing 5% O, plasma into the chamber
along with argon, similar to what is described in [11]. This
layer is patterned using a positive photoresist. Finally, Cr+ Au
is deposited again through thermal evaporation and patterned
by liftoff. All deposition steps were carried out in Leybold
L560 Boxcoater. Photolithography was carried out using a

Karl Suss MJB3 mask aligner. The cross section of the
resulting structure and the top-down view from the microscope
are shown in Fig. 1. -V characterization was carried out
using Keithley 4200 connected to an EverBeing probe station
by applying the excitation signal to the top electrode and
grounding the bottom electrode.

Low-temperature measurements were performed in a
two-stage cryocooler (Leybold ROK 10-300) connected
to a vacuum chamber (~10-3 mbar). The devices were
wire-bonded to a sample holder made of copper, which
was screwed to the cryocooler cold head. A spontaneous
temperature increase was obtained by switching off the
cryocooler, allowing to obtain electrical measurements by
applying a current sweep to the devices at different tem-
peratures. Temperature was measured using a silicon diode
sensor (LakeShore DT-670), embedded in the cold head, con-
trolled by a LakeShore 331 temperature controller. The V-1
measurements were performed by applying a current signal,
supplied by a Keithley 6430 Sub-Femtoamp SourceMeter,
and the voltage was measured by an Agilent 34 401 A multime-
ter. The instruments were controlled remotely using Python,
and the V-I acquisitions were set to be fast enough to reduce
temperature fluctuations. During the electrical measurements,
the temperature fluctuations were in the order of 0.1 K. The
amplitude of the current signal was kept low enough such that
variations in the electronic conductivity of the device were not
induced by switching events.

IIl. RESULTS AND DISCUSSION
A. Electrical Characterization

Before exhibiting resistive switching behavior, the device
underwent a forming process to initiate the conductive fil-
ament. This forming process was performed by applying a
voltage ramp to the device, where the forming voltage was
observed to be about 2 V.

Following this forming step, electrical characterization was
carried out and repetitive switching behavior was observed.
Fig. 2 shows examples of consecutive hysteresis loops and the
distinct LRS and high HRS (2 and 1 in the positive quadrant
and 3 and 4 in the negative quadrant respectively).

A compliance current (I..) of 1 mA is used for the positive
loop since this is the cycle where the SET operation occurs
and the resistance drops to the LRS value. It is important to
limit the maximum value of current that can flow through the
device to avoid breakdown. In the negative cycle, however,
there is no compliance current. The device RESETSs between
—0.4 and —0.8 V and the device resistance increases back
up to its HRS value. As such, a lower current begins to flow
through the device following the RESET. This is demonstrated
in Fig. 2 complete with the switching direction of the device.
The device exhibits clear LRS and HRS values of about 400 2
and 8 k€2, respectively (the resistance values were acquired at
Viead = £0.4 V).

While Fig. 2 shows repetitive switching between LRS and
HRS for an /.. of 1 mA, Fig. 3 shows the variation LRS values
due to different values of I... As can be observed, lower I .
results in higher LRS, whereas higher /.. renders much lower
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Fig. 1. Cr/Au/TiO2/TiOx/Cr/Au memristive devices, (a) showing
cross-sectional structure of the completed device and (b) showing the
microscope image of the completed memristive device.

° | \/ ESET |

Voltage ( )

Fig. 2. Indicative hysteresis plots showing /-V behavior between
—1.5and 1 Vinput voltage and Ioc = 1 mA.

LRS. This demonstrates that the internal LRS of the device can
be tuned through the applied I.. value. Similar behavior has
been reported and deemed useful for multilevel switching [35].

B. Quantum Conductance

The devices were excited using two distinct setups to
observe quantum conductance behavior. The first method as
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Fig. 3. Variation of LRS at different I values, the inset showing LRS
in the log scale against /cc.

seen in Fig. 4(a) utilizes a positive current input signal. The
device starts from its HRS value, quantum conductance effects
are observed in the first quadrant, while the conductance is
increasing. The results and statistical analysis of this method
are shown in Fig. 4. The second method utilizes a negative
voltage ramp to trigger quantum effects. Therefore, the device
starts from its LRS value, quantized states are observed in the
third quadrant while the conductance is decreasing, and the
programming strategy is depicted in Fig. 5(a). These results
are shown in Fig. 5.

As mentioned above, as shown in Fig. 4(a), a slow current
ramp of duration 100 s and amplitude 20 pA is applied
to the top electrode to SET the device, followed by a fast
RESET with a voltage input of duration 2 s and amplitude
—1.5 V. As such, at the beginning of the measurement, the
memristive device starts from HRS, and the conductance
increases as a conductive filament (or filaments) forms. This
behavior is presented in Fig. 4(b); six measurements from
the same device show the occurrence of quantum conduc-
tance steps during the positive slope of the input current.
Distinct integer G values are recorded. The amplitude of the
ramp was determined to be high enough to trigger quantum
effects but low enough to allow for repetitive measurements
without causing breakdown. These measurements were con-
ducted to observe if certain integer conductance states occur
more readily and frequently. Results of 200 cycles, with
responses similar to and including ones shown in Fig. 4(b),
were analyzed statistically. The histogram obtained by more
than 70000 conductance points in Fig. 4(c) shows a clear
tendency of the device to exhibit 1 G conductance. It can
be seen from the six indicative plots in Fig. 4(b) that the
devices start from a low conductance state and quickly jump
to an integer Gy state due to the positive current input. This
initial quantum conductance jump commonly happens to be
to 1 Gy and can last for longer than half of the positive
ramp. A retention measurement of this state is also presented
in Fig. 6.

In Fig. 5(a), the second programming strategy is depicted.
The device is set with a fast voltage ramp of 3-V amplitude
and 12-s duration, it is then excited by a slow voltage ramp
of —0.8-V amplitude and 760-s duration. The device RESETs
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Current-driven quantum step measurements
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Fig. 4. Quantum conductance effects in current-driven devices.

(a) Current-driven programming strategy for measuring quantum steps
occurring due to slow current input. (b) Indicative results exhibiting
quantum conductance steps in the SET cycle due to input current ramp.
(c) Histogram showing the frequency of occurrence of Gy states of
a device that has been driven with a slow positive current ramp for
200 cycles.

during this negative cycle and exhibits quantum conductance.
Distinct integer and half-integer values of G, are observed
as shown in Fig. 5(b). The graph shows the decrease in
conductance from LRS to HRS between the voltage values of
0 and —0.24 V. Similar to the current-driven measurement, the
frequency of occurrence of Gg states was investigated. This
device was tested with the same input sequence 240 times.
The resulting quantum conductance behavior was analyzed
statistically to render the histogram, resulting from more than
20000 conductance points, shown in Fig. 5(c). Once again
1 Gy is observed frequently.

After programming the device to 1 Gy, the stability of
this resistance state over time was analyzed through retention
measurements by applying a dc read voltage of 10 mV. As can
be observed from Fig. 6, the device retained the conductance
state for 4000 s. Here, the device exhibited a mean conduc-
tance value of 1.024 G (median of 1.03 G(), with a standard
deviation of 3.48% (number of sampling points: 73 789). After
this point, the device began to behave less stably, exhibiting a
larger standard deviation but remained in a conductance state
of around 1 Gy—1.1 Gy.

Voltage-driven quantum step measurements

SET with fast V,, RESET with slow V;,
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Fig. 5. Quantum conductance effects in voltage-driven devices.

(a) Voltage-driven programming strategy for measuring quantum steps
occurring due to slow voltage input. (b) Indicative results exhibiting
quantum conductance steps in the RESET cycle due to input voltage
ramp. (c) Histogram showing the frequency of occurrence of Gy states
of a device that has been driven with a slow negative voltage for
240 cycles.
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Fig. 6. 1 Gy retention Vjgaqg = 0.01 V.

C. Temperature-Dependent Measurement Results

To investigate the electronic conduction mechanism, the
evolution of resistance over temperature was investigated in
devices programed to different conductance values. The first
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Pristine Device V-I with Decreasing Temperature
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Fig. 7. Pristine device with current input in decreasing temperature
(a) showing the V—/ plot and (b) showing the variation of resistance.

device was considered in its pristine state (i.e., without being
previously stimulated). The second device was set to an LRS
of about 500 2. The last device was set at a resistance state
near the quantum conduction regime (of ~5 Gy). For this pur-
pose, V-I sweeps were acquired by progressively decreasing
temperature (shown in Figs. 7(a), 8(a), and 9(a). Note that
the current range was selected such that reprogramming the
device (i.e., switching) was avoided during characterization.
In this way, it is possible to assess the evolution of the device’s
resistance to temperature without inducing any morphological
change of the device. As mentioned previously, the mea-
surements were taken fast enough to minimize temperature
fluctuations in one cycle. Temperature-dependent measure-
ments were performed by decreasing temperature down to at
least 20 K for each device.

Fig. 7 shows the response of the pristine device to
input current along with decreasing ambient temperature
from 290 to 18 K. Nonlinear behavior of the V-I char-
acteristics can be observed due to the insulating nature of
TiO;, and due to inversely polarized Schottky barriers at the
metal-insulator interfaces. At room temperature, the device
exhibited a resistance of 43 k2. This value of resistance
was observed to progressively increase with decreasing tem-
perature reaching a value of 1.1 MQ at 18 K [Fig. 7(b)],
in accordance with the insulating nature of the metal oxide.
Similar behavior was observed in devices programed to LRS

LRS Device V-I with Decreasing Temperature
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Fig. 8. Device set to LRS with current input in decreasing temperature
(a) showing the V—/ plot and (b) showing the variation of resistance.

and in conductance values of ~5 G, where both cases are
characterized by nonlinear V-I characteristics and by an
increase of resistance with decreasing temperature. Note that
the pristine device, having not formed any filaments or been
SET before this measurement, is exhibiting largely dielectric
properties. The V-I plot shown in Fig. 7(b) also validates
that the pristine device exhibits more nonlinearity in resis-
tance variation. This departure from linear V—I characteristics
starts from higher temperatures compared to the LRS and
~5 Gg devices.

In the case of the LRS-programed device, V-I measure-
ments taken during the decreasing temperature (from 235 K
to around 10 K) measurements are presented as shown in
Fig. 8. It can be seen from Fig. 8(b) that resistance reads
around 500 Q at the very beginning of the temperature
measurement cycle. The resistance of the device increases
up to a maximum value of 4 k€2, measured at 10 K. This
variation in resistance due to temperature is not as drastic as
the variation exhibited by the pristine device (the resistance
of this device increased 8-fold, whereas the pristine device’s
resistance increased to 26 times its value at room temperature).
Even though the device is in a more conductive state when
it has been set to LRS, the active layer clearly acts as a
semiconductor since it is still more conductive at higher
temperatures. The V—I plots for the LRS device for decreasing
temperature shown in Fig. 8(a) demonstrate that the device
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Fig. 9. Device set to ~5 Gy with current input in decreasing tempera-
ture: (a) showing the V—/plot and (b) showing the variation of resistance.

remained stable throughout the temperature measurement, and
the resistance changed gradually, ultimately exhibiting non-
linearity when exposed to exceedingly low temperatures. The
temperature-dependent measurements reveal that the electronic
transport properties in LRS are semiconductor-like despite
the linear-like behavior of the V—I characteristics at higher
temperatures.

Finally, the device programed to ~5 Gy (~2.5 kQ).
Fig. 9(b) shows the resistance of the device as a function of
temperature. It can be seen that as the temperature dropped,
the resistance of the device continuously increased to 7 times
its initial value, 17.5 k€2, and the highest resistance value
was measured at 12 K. The resistance increase is gradual
until around 26 K. After this point, the temperature leads
to a much more drastic resistance increase, and nonlinear
behavior is exhibited, also clearly depicted in the VI behavior
is presented in Fig. 9(a).

Even though the devices were set to different states, the
same overall behavior was observed. In all cases, the highest
conductivity was recorded at the highest temperatures and as
the devices were exposed to low temperatures, they became
increasingly more resistive. This is in line with the previously
reported temperature-dependent resistance of TiO, memris-
tors [33]. Further work will be necessary to disentangle the
effect of Schottky metal-insulator interfaces and the insulator
itself in the R—T characteristics [36], [37].

V. CONGLUSION

A thorough analysis of Cr/Au/TiO,/TiO,/Ct/Au memristive
devices has been conducted and presented. Quantum conduc-
tance was observed for two different programming strategies:
stimulating the device with a current input to observe quantum
effects in the SET region and stimulating the device with a
voltage input to observe quantum effects in the RESET region.
Statistical analysis revealed that electrical stimulation tends
to drive the device into quantum conductance levels close to
Gy. Retention measurements revealed the possibility of pro-
gramming the device to stable conductance states of ~G that
are almost stable for 4000 s. Temperature-dependent measure-
ments were investigated to study the electronic conduction
mechanism in these devices, revealing a semiconductor behav-
ior characterized by an increase of resistance with decreasing
temperature in devices in the pristine state, programed to LRS
and ~5 Gy. Besides shedding light on programming strategies
to achieve quantum conductance levels, this work also gives
new insights into the electronic conduction mechanism in
memristive devices based on TiO, active layers.
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