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ABSTRACT Novel niobium heterostructure devices that integrate aluminum, hafnium, and chromium oxide
are designed and constructed by sputtering and atomic layer deposition. The devices are examined for use in
resistive switching (RS) memory cells. Specifically, Nb–AlOx–HfOx–AlOx–Nb is directly compared with
Nb–AlOx–HfOx–CrOx–AlOx–Nb. Stable RS is observed in both cases and the conduction mechanisms are
analyzed in detail. There are profound differences in the current (I–V) and capacitance (C–V) versus volt-
age characteristics with the insertion of CrOx, including enhanced RS at reduced voltage and current and
increased non-linearity in the C–V. The I–V characteristics are fitted to established conduction models and
excellent agreement is obtained considering a Poole Frenkel emission and a Fowler Nordheim tunneling
component that emerges strongly with increasing voltage. Direct quantum mechanical tunneling and ionic
conduction currents are apparent, but weaker as expected with 6–8 nm film. The changes subsequent to RS,
are captured with significant modification of the effective trap energy level, and density of the trap states’
parameters and a small change in the electrode barrier height, supporting primary physical change in the
properties of the bulk of the film stack and a minor change to the electrodes. Evidence of RS processes that
involve both positively charged chromium and negatively charged oxygen ionic effects that effectively mod-
ify the current conduction are apparent. The plausible physical mechanisms that contribute to the RS are
discussed in terms of changes to the bonding configuration and the active roles of ions and vacancies/defects
in driving the formation and growth of conduction filaments. The impacts of ferro-electric like enhance-
ments for devices that integrate CrOx interfaced with HfOx are considered and corroborated by measure-
ments of the ferro-electric hysteresis loops that provide direct evidence of partial ferro-electric switching.
Targeting low voltage and high speed operation, pulse measurements of Nb–AlOx–HfOx–CrOx–AlOx–Nb
devices, demonstrate capability to SET/RESET with <50 ns pulses and potential for excellent endurance
and nonvolatile retention times. With liquid nitrogen cooling, RS properties are retained with a consistent
reduction of the thermally dependent current conduction components as compared to the tunneling.

INDEX TERMS Resistive switching, memory, niobium, heterostructures, transport conduction, Poole
Frenkel, tunneling, ferro-electrics, cryogenic, atomic layer deposition, sputtering, hafnium oxide, aluminum
oxide, chromium oxide.

I. INTRODUCTION
There is a need for the design and implementation of
memory devices compatible with quantum computing and

superconducting digital computing technologies as well as
low voltage logic transistors based on tunneling processes.
Niobium (Nb) is typically used to construct Josephson
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junctions used in qubits [1], [2], rapid single flux quan-
tum (RSFQ) logic [3], [4] and more recently cryogenic
compatible digital memory options for superconducting
computing [5]–[9] and emerging quantum memory con-
cepts that harness the quantum mechanical regime of
operation [10]. While most investigations examine Nb
devices, e.g., Nb-AlOx-Nb in the superconducting regime
of operation, this work examines the room temperature
conduction and RS properties of Nb heterostructures that
integrate aluminum, hafnium and chromium oxide thin
films formed by atomic layer deposition (ALD) and sput-
tering. This investigation aims to provide insights into
the device operation and heterostructure properties rele-
vant to the design of future memory and qubit devices.
Interestingly, to the best of our knowledge, there are no
or very limited experimental confirmations on the use of
Nb metal as the electrodes in room temperature resistive
switching memory (ReRAM)/memristor devices [11]–[25].
As there is no guarantee that with integration of a spe-
cific electrode or using a unique fabrication process that
RS functionality would be retained, it warrants experimen-
tal confirmation. There is also a need to further reduce the
switching voltage and speed of ReRAM to ensure compat-
ibility with logic device technologies and improve energy
efficiency [24], [25]. The devices examined are carefully
designed to result in reduced voltage nonvolatile RS by
harnessing ferro-electric enhancements with CrOx interfaced
with the HfOx. In addition, these devices are designed for
compatibility with superconductor electronics process inte-
gration and excellent memory performance, by using Nb
electrodes and AlOx barriers versus the other metal elec-
trodes and barriers typically used in ReRAM. While there are
promising Nb devices currently under evaluation for use as
cryogenic memories for superconducting computing [5]–[7],
these devices typically require magnetic multi-layer film
stacks that can be prone to non-uniformity, or are not
entirely electric field-controllable with voltage. A low volt-
age, and electronically switchable Nb memory technology
would therefore be advantageous as an alternative option
for compatibility with superconductor electronics (SCE) pro-
cesses. It is therefore necessary to investigate alternative
heterostructure designs and experimental validations.
The measured I-V characteristics for the heterostructure

devices examined are modeled excellently when considering
Poole Frenkel (PF) type emission and Fowler Nordheim (FN)
tunneling as the primary conduction mechanisms as well as
lower magnitude direct quantum mechanical tunneling (DT)
and ionic conduction current component (IT). This analysis
supports the plausibility that several physical mechanisms
contribute to the total RS behaviors under the measurement
conditions examined, and can account for the major dif-
ferences with integration of CrOx. These likely appear as
the result of changes to the bonding configurations in the
bulk of the film stack and interfaces that modify the current
conduction. There is a drive towards chromium and oxygen
ion migration and the formation of vacancies and conduction

filaments where under high current conditions there is a com-
petition of these effects. Given the profound differences with
CrOx inserted in the heterostructure, this analysis supports
the notion that current modulations due to ferro-electric like
effects impact the RS and consistent with observed partial
switching in the measured ferro-electric polarization loops.
This is especially true for the case of Nb-AlOx-HfOx-CrOx-
AlOx-Nb, where a strong RS is observed at reduced voltage
and current. The plausible physical effects responsible for
the conduction are discussed in accordance to model fit-
tings, energy-band diagrams and a physical model. These
results encourage further validation into the physical phe-
nomenon responsible for the RS by atomistic simulations and
in-situ spectroscopy. To evaluate potential performance for
nonvolatile memory cells, low voltage and high speed pulsed
measurements of Nb-AlOx-HfOx-CrOx-AlOx-Nb demon-
strate excellent retention times and endurance with sub-50 ns
SET/RESET pulses.

II. DESIGN CONSIDERATIONS
The devices examined include heterostructure devices
formed by sputtering and ALD that integrate Nb metal,
aluminum, hafnium and chromium oxides. These specifi-
cally include Nb-AlOx-HfOx-AlOx-Nb and comparison with
the case of an inserted CrOx film, i.e., Nb-AlOx-HfOx-
CrOx-AlOx-Nb. The heterostructures are selected towards
a well-designed voltage controllable memory device that
can be constructed with Nb fabrication process technology
as described in [3], [4]. HfOx is selected due to its well-
established RS response at 1-2 V as examined recently by
several groups with several electrode material options [17].
Despite the successes with HfOx, there is a drive to further
reduce voltage for energy efficiency and to maintain compati-
bility with sub-1 V operation of silicon based logic [26], [27]
and towards the operating conditions of SCE [8], [9]. The
AlOx barriers between the Nb electrodes and HfOx are
inserted due to the well-known compatibility of Al com-
pounds with Nb [3], [4] and their potential to enhance device
performances [28], due to the presence of conduction and
valence band off-sets with respect to relatively smaller energy
gap HfOx [29]. The 2-2-2 nm ALD films are selected out
of consideration for proper memory device engineering [30].
CrOx is selected and interfaced with HfOx due to the poten-
tial for ferro and magneto-electric enhancements in speed
and voltage in a film that can be readily deposited by sput-
tering or ALD [31], [32] and that may enable enhanced
RS processes as compared to conventional filament driven
process. Very recent studies have provided corroborating
evidence of a ferro-electric like modulation of RS, specif-
ically with the integration of Hf compounds [33], [34];
these effects are a topic of intense investigation in the
community.

III. EXPERIMENT AND RESULTS
A. FABRICATION
The device fabrication process combines sputtering and
ALD, and is performed in a class 100 clean-room. Substrates
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are 4” silicon wafers from University Wafer with 300 nm
of thermal SiO2. Five and 75 nms of titanium and gold
(for bottom electrode contact) are RF and DC sputtered in
the presence of argon with a Denton Discovery 18 sput-
tering tool followed by DC sputtering at 200 watts in
argon of 100 nm Nb bottom electrodes under similar con-
ditions to those found in reports in [35]. A 2-2-2 nm
(20-20-20 cycle) AlOx-HfOx-AlOx heterostructure is sub-
sequently formed by ALD at 200 ◦C with a Beneq TF
200 in thermal mode using H2O, trimethylaluminium (TMA)
and tetrakis(dimethylamino)hafnium (TDMAH) precursors
in accordance with processes described in [36] and else-
where. To produce Nb-AlOx-HfOx-CrOx-AlOx-Nb, select
wafers are removed from the ALD chamber after HfOx depo-
sition and 2 nms of CrOx are deposited by the reactive RF
sputtering of chromium at 100 watts in a 95% Ar/5% O2
mixture. Following sputtering of CrOx, a 2 nm AlOx cap is
subsequently deposited by ALD. Care is taken to minimize
within wafer exposure time to 15-20 minutes, to ambient
upon insertion and re-insertion between the sputtering and
ALD chambers. Top Nb electrode metal of 100 nm is then
DC sputtered and devices are patterned and defined with con-
ventional photolithography with an MA6 mask aligner and
subsequent SF6 dry-etching in an Oxford Plasmalab80 etcher
producing devices with dimensions.

(a)

FIGURE 1. (a) HR-XTEM image of a typical Nb-AlOx-HfOx-AlOx-Nb
heterostructure produced by the sputtering and ALD process (b) EDS
spectra across the film stack and the extracted Nb, O, Al, and Hf elemental
contributions. The ALD AlOx-HfOx-AlOx films are 2-2-2- nm respectively.

High resolution cross sectional transmission electron
microscopy (HR-XTEM) and associated energy dispersive
spectroscopy (EDS) for a typical Nb-AlOx-HfOx-AlOx-Nb
film stack are obtained and presented in Figure 1a and
Figure 1b. The XTEM and EDS measurements confirm the
Nb, Al, Hf and O elemental compositions and respective
film thicknesses. It is apparent that after completion of the
device fabrication process, there remains a clear separation
between the AlOx, HfOx and AlOx films that determine the
heterostructure. While not readily resolvable by EDS, it is
expected that some degree of chemical modification may
occur at the interfaces present in the Nb-AlOx-HfOx-AlOx-
Nb film stack. While XTEM is not obtained for the case of
Nb-AlOx-HfOx-CrOx-AlOx-Nb, it is inferred that the ALD
films are of a similar quality. However, as a consequence

of the sputtering process of the CrOx and the unavoidable
exposures to ambient when moving wafers between the sput-
tering and ALD tools, it is reasonable to expect that more
significant modification may occur.

FIGURE 2. (a) Schematics and measurement configuration for both
Nb-AlOx-HfOx-AlOx-Nb and Nb-AlOx-HfOx-CrOx-AlOx-Nb heterostructure
devices (b) C-V measurements at 100 and 500 kHz spanning -0.3 to 0.3 V
taken on a device with dimensions of 250 µm x 250 µm.

B. ELECTRICAL MEASUREMENTS (DC)
The current and capacitance versus voltage (I-V and C-V)
characteristics are measured in a room temperature probe
station with a Keithley 4200 semiconductor characterization
system as described in the schematics in Figure 2a with volt-
age applied between top and bottom electrodes. The C-Vs of
the heterostructure devices spanning -0.3 to 0.3 V and at 100
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and 500 kHz are plotted in Figure 2b. For Nb-AlOx-HfOx-
AlOx-Nb, very low levels of capacitance modulation with
voltage is observed. For the case of Nb-AlOx-HfOx-CrOx-
AlOx-Nb, a 15% reduction in total capacitance is observed
that is consistent with 2 nm of CrOx inserted in the film stack
and a commensurate decrease in the effective permittivity
from 10.0 to 8.8. The increased dispersion between mea-
surements taken at 100 and 500 kHz and the non-linearity
in the C-Vs is explainable by an increased dielectric relax-
ation due to increased metallic (Cr) content as described
in [37], and the possibility of ferro-electric-like effects as
a direct consequence of the inserted CrOx [31], [32] film in
the stack or introduced by an effective Cr doping at the CrOx-
HfOx interface [33], [34]. This possibility will be discussed
in more detail in the next section.
I-V measurements of a representative device are col-

lected at room temperature sweeping the voltage forward
and reverse from -1V to 1V and back to -1V with the com-
pliance current set by the instrument at 1 mA and 10 mA. It
is well known that specific RS physical mechanisms are
strongly impacted by the voltage/electric-field and the current
flow [11]–[25], so this analysis is limited to the technolog-
ically relevant regime spanning +/- 1V [25]. Focus is made
on 250 µm x 250 µm devices that are amenable to charac-
terization with the equipment with 85% of the devices on
wafer are functional.
Figure 3 presents typical (DC) I-V measurements for the

Nb-AlOx-HfOx-AlOx-Nb heterostructure device with current
compliance set at a) 1 mA and b) 10 mA. With 1 mA,
<1% of current switching is observable and current com-
pliance is quickly approached with operating voltage of
0.1 V. With 10 mA current compliance, Nb-AlOx-HfOx-
AlOx-Nb devices have a pronounced RS observed as sharp
drops and jumps in current at +0.98 and -0.78 V. These
jumps and drops are what would be considered as a SET and
RESET in a memory device. The asymmetry in SET/RESET
voltage is likely a consequence of the process sequence
and exposure to ambient and plasma especially at the top
AlOx-Nb interface and possible modification to the effective
bottom electrode metal work-function due to the presence of
the gold in contact to the Nb [38]. Note that the observed RS
behavior in these measurements does not require a pre-sweep
(higher voltage/current) forming, as is often required with
many other film and electrode combinations reported in [24].
Under the measurement conditions reported here, there is
a net counter clockwise hysteresis with nearly two orders
of magnitude current switching and an effective modulation
of the high/low resistance of 75 at 0.2 V. The RS behavior
in Nb-AlOx-HfOx-AlOx-Nb is similar to that observed by
other groups for devices that integrate ALD HfOx films and
several metal electrode options [24], [25]. However, accord-
ing to the current physical understanding of RS processes,
there is no guarantee that with integration of a specific elec-
trode or combination of electrodes, RS behavior would be
retained, as it can be strongly impacted by the physical prop-
erties of the electrodes [24], especially if they are prone to,

for example, oxidation/reduction from migrating ions. To the
best of our knowledge these experimental results in this work
are the first validation of a strong RS behavior at room tem-
perature in devices that integrate Nb metal electrodes and
motivates continued research and development to optimize
it for memory applications.

FIGURE 3. Experimental (DC) room temperature I-V characteristics under
forward and reverse sweeping spanning -1V to 1V and back to -1V for
Nb-AlOx-HfOx-AlOx-Nb and Nb-AlOx-HfOx-CrOx-AlOx-Nb. The current
compliance is set to a) 1 mA and (b) 10 mA. Device dimensions are
250 µm x 250 µm.

The I-V measurements, i.e., with current compliance set
to 1 mA and 10 mA are taken with the identical meth-
ods for the case of the heterostructures with an embedded
CrOx film, (i.e., Nb-AlOx-HfOx-CrOx-AlOx-Nb), and are
plotted for direct comparison with Nb-AlOx-HfOx-AlOx-Nb
in Figure 3a and Figure 3b. As presented in Figure 3a, (and
under 1 mA compliance current conditions), a profoundly
different behavior is observed with insertion of CrOx. This
includes observation of a strong RS and near order of mag-
nitude current switching resulting in consistent clockwise
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hysteresis. The RS in this device is not sharp, but gradual
across the 0.5 V range. By increasing the current com-
pliance to 10 mA (Figure 3b) and approaching 1 V, the
Nb-AlOx-HfOx-CrOx-AlOx-Nb heterostructure has a weak
RS with a net counter-clockwise hysteresis and less than
a 1.4x switching in current and this behavior (under higher
current) suggests a balance between the contributions of the
RS effects stemming from both the CrOx-HfOx and AlOx-
HfOxin this device. The strong RS effects observed at <0.5 V
with insertion of CrOx, suggests the plausibility of alternative
mechanisms than the conventional filamentary RS processes
typically observed for HfOx, and requiring 1-2 V. The plau-
sible physical interpretations for the RS are discussed in
the next section and are supported by fittings of the I-V
characteristics to several current conduction models, a band
diagram and a physical description that considers chromium
and oxygen ionic effects, vacancy and conduction filament
formation and the interesting possibility of a ferro-electric
like effect at the CrOx-HfOx interfaces.

C. HIGH-SPEED PULSED MEASUREMENTS
High speed pulsed measurements with repeated cycling up to
105 cycles and down to 20 ns pulse width/rise/fall times are
obtained for Nb-AlOx-HfOx-CrOx-AlOx-Nb. Measurement
data is collected with the Keithley 4200 semiconductor
characterization system with a 4225-PMU ultra-fast pulse
measure unit. Figure 4a presents data taken with 20 ns pulse
width/rise/fall times spanning -0.25 V to 0.25 V with the
current compliance set to 1 mA. The timing diagram for the
pulses is shown in the inset. Consistent RS with the DC
case is clearly observed under these conditions supporting
a high speed and low voltage RS process in these devices.
Current compliance is not reached under these conditions.
The RS behavior is stable with cycling up to 105 cycles with
fluctuations in the minimum currents likely from thermal or
volatile trapping/de-trapping events or of other non-idealities
including displacements especially with the presence of
ferro-electric behavior. Next, the voltage span is increased to
-1 to 1 V and the measurements are repeated with the iden-
tical timing sequence and presented in Figure 4b. Stable RS
is also observed up to 105 cycles and current compliance of
1 mA is nearly reached. Similar behavior and reaching cur-
rent compliance is obtained with 50 ns pulse width/rise/fall
times as shown in Figure 4c. The low voltage, high-speed
and stable RS is consistent with a nondestructive processes
that result in the RS processes in these devices. The oper-
ation at micron scale required for RS in these devices is
also useful for understanding potential operating conditions
of scaled devices, however at the nanoscale it is expected
that parasitic elements will likely have a greater contribution
and may set the required total RS switching current.

D. CRYOGENIC LIQUID NITROGEN (LN2)
CHARACTERIZATION
Nb-AlOx-HfOx-CrOx-AlOx-Nb devices are cooled by
immersion in liquid nitrogen as shown in the experiment

FIGURE 4. Pulsed I-V measurements of Nb-AlOx-HfOx-CrOx-AlOx-Nb
with (a) 20 ns pulse width/rise/fall times spanning -0.25 V to
0.25 V (b) 20 ns pulse width/rise/fall times spanning –1 V to 1 V (c) 50 ns
pulse width/rise/fall times spanning –1 V to 1 V.

setup in Figure 2b and measurements are taken for two cool-
downs. I-V measurements are quickly collected under cooled
conditions and upon return back to room temperature and
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FIGURE 5. Pulsed I-V measurements of Nb-AlOx-HfOx-CrOx-AlOx-Nb with
liquid nitrogen cooling with 50 ns pulse width/rise/fall times. Shown are
data for two cool-downs and upon warming back to room temperature.

are presented in Figure 5. While RS is retained demonstrat-
ing potential for cryogenic compatibility in these devices,
there is clear reduction in the current levels and in the
voltage of the I-V characteristics consistent with reduction
in the thermal processes that impact the current conduc-
tion with cooling. This notion will be analyzed and further
corroborated in accordance with the thermal and tunneling
conduction current models in the next section.

E. FERRO-ELECTRIC LOOPS
Ferro-electric polarization loops are measured with
a Keithley 4220 + PMMU and are presented in Figure 6
and comparison between Nb-AlOx-HfOx-AlOx-Nb and Nb-
AlOx-HfOx-CrOx-AlOx-Nb to validate possibility of ferro-
electric like effects. For the case of Nb-AlOx-HfOx-AlOx-Nb
capacitive type behavior is observed without clear evidence
of any remnant polarization. In contrast, for Nb-AlOx-HfOx-
CrOx-AlOx-Nb, an additional ferro-electric like behavior is
observed in the polarization loops. While the loops are not
as ideal as, e.g., bulk PZT, there are clear signs of remnant
polarization and curvature even in these thin 8 nm films,
strongly suggesting ferro-electric like behavior. Under liq-
uid nitrogen conditions the polarization loops become more
ideal in shape and the remnant polarization remains relatively
constant.

F. MEMORY RETENTION AND ENDURANCE
To evaluate nonvolatile memory performance potential of
these devices, standard endurance and retention time data are
obtained up to 105 cycles and 105 seconds. Read of the
current state is taken at 0.08 V to minimize impacts of
measurement that can accelerate loss of retention. The mea-
surements are presented in Figure 7. Endurance is excellent
with very stable high SET/RESET current states. Some fluc-
tuation in the lower current state as observed is apparent
as observed in the I-V characteristics. Retention times for

FIGURE 6. Ferro-electric polarization hysteresis loops taken at room and
liquid nitrogen temperatures for Nb-AlOx-HfOx-CrOx-AlOx-Nb and
compared with Nb-AlOx-HfOx-AlOx-Nb. For the case of CrOx devices there
is ferro-electric like behavior with a remnant polarization at near 0 V.

FIGURE 7. Endurance and retention times for Nb-AlOx-HfOx-CrOx-AlOx-Nb
with SET/RESET voltages of +/- 1V using pulse width/rise/fall times of
50 ns. Read of the memory state is measured at 0.08 V. Error bars are
obtained after repeating this measurement 4 times.

both high current and low current states have 10 and 15%
decay after 105 seconds (28 hours) at room temperature.
Also shown in the plot are the extrapolation which shows
potential for >10 years storage times.
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IV. ANALYSIS AND DISCUSSION
A. CONDUCTION MODELING
Insight into the room temperature conduction mechanisms
and RS processes are obtained by fitting the measured I-V
characteristics with established conduction models and con-
structing the energy band diagrams. The necessary changes
required to the model parameters in order to capture the RS
processes, (i.e., the difference in the I-Vs comparing for-
ward and reverse sweep directions) are evaluated and provide
insight on the physical mechanisms responsible for the RS. In
particular, this analysis provides evidence of whether modi-
fication to the electrodes or bulk of the film have a greater
impact on the RS for these devices that integrate Nb metal
electrodes. Several electrode and bulk conduction limited
mechanisms are considered in this analysis including Poole
Frenkel emission (PF), Fowler Nordheim tunneling (FN),
direct tunneling (DT) and ionic conduction (IT) and these
models are discussed in detail in [18] and [19]. The current
density is represented as the sum of the current contributions
Jtotal = JPF+JFN +JDT +JIT and provides an excellent esti-
mate to the first order of major mechanisms that contribute
to the conduction current. Ohmic conduction is considered
but not consistent with these measurements as the I-Vs have
strong non-linearity. For practical purposes the analysis is
limited to these models as they are the most expected, espe-
cially under the operating conditions examined here and the
specific materials that are integrated in the heterostructure
film stack. Due to the models unique voltage dependencies,
extraction of the dominant mechanisms at a specific volt-
age is enabled and determines whether bulk or electrode
limited processes are dominant and the relative impact of
thermal vs. tunneling effects. Figure 8 demonstrates excel-
lent agreement between I-V measurements and the modeled
total current I = Area ∗ Jtotal subsequent to calibration of
the model parameters (Table 1) for Nb-AlOx-HfOx-AlOx-
Nb (Figure 4a and 4b) and Nb-AlOx-HfOx-CrOx-AlOx-Nb
(Figure 4c and 4d). The modeling methodology that is
described in detail in this section uses inputs based on
knowledge of the device structure and film properties to
determine the dominant conduction mechanisms and uses
only a few fitting parameters to describe the trap energy lev-
els and density of trap density and electrode barrier heights.
The parameters are fine-tuned until excellent agreement is
obtained across the voltage range and the current components
along with the total current are presented for comparison.
The modeled currents are plotted here for both devices with
an Area = 250 µm x 250 µm and the current compliance
set at 1 mA and 10 mA across the 0 to 1 V range in both
forward and reverse sweep directions.
The models are now described in further detail and the

plausible physical explanations for the RS will be expanded
on in the Sections IV-B and IV-C. In brief, a current den-
sity JPF due to PF type conduction processes: conduction
facilitated by the thermal enhanced emission from “trapped”
charge in the bulk of the film and at the interfaces is con-
sidered. The source of PF emission can be due to various

TABLE 1. Conduction model: parameter values and units.

charged states including ions and vacancies/defects in the
ALD films or at the interfaces in the heterostructure [39].
PF type processes are typically expressed adequately with
the form [18], [19]

JPF = qμENTe
−q
[
φT−

√
qE

πε0εi

]

kT (1)

where q is electronic charge, E is the electric field (extracted
from the measurement), μ is the electronic drift mobility
in the insulator (typically on the order of 10−4 to 10−3

cm2/Vs) and set to the values in Table 1 which is kept fixed
in this analysis for consistency to 1.1x10−3 and 8.2x10−4

cm2/Vs respectively for Nb-AlOx-HfOx-AlOx-Nb and Nb-
AlOx-HfOx-CrOx-AlOx-Nb. φT is the trap energy level that
spans 0.1-0.3 eV to achieve appreciable PF conduction. Its
value is consistent with the location of trap and defect
levels from the density functional theory (DFT) calcula-
tions for the charged states in similar films [39]. NT is
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FIGURE 8. Measured (room temperature) versus modeled currents in
forward and reverse spanning 0 to 1 V for 250 µm x 250 µm
Nb-AlOx-HfOx-AlOx-Nb and Nb-AlOx-HfOx-CrOx-AlOx-Nb devices. For
both cases, current conduction components due to Poole Frenkel, Fowler
Nordheim tunneling, direct tunneling and ionic conduction mechanisms
are isolated and extracted across the voltage range. The trap energy levels,
density of trap states and electrode barrier heights are extracted and
estimated from the fitting. Other parameters are estimated and fixed to
realistic values. Model parameters are listed in Table 1.

the average density of these trap states (ranging in den-
sity from 1011-1013 cm−2 for ALD films) to provide an
effective average trap spacing on the order of nanometers.

εo is the permittivity constant in a vacuum, and εi is the
effective dielectric constant, and it set to 10.0 for AlOx-
HfOx-AlOx and 8.8 for AlOx-HfOx-CrOx-AlOx. k is the
Boltzmann constant and T is the operating room temper-
ature of 295 Kelvin for this analysis. It is clear from the
expression in equation (1) that calibration is required first for
the exponentially dependent φT and the linearly dependent
NT, second while keeping the other parameters initially fixed
as described here and subsequently fine-tuned until excellent
agreement is obtained between the measured and modeled
current. It is necessary to remember that equation (1) does
not consider the exact location of a “trap” site within the
depth of the film stack, so the extracted parameters rep-
resent the net effective average values required to achieve
an excellent fitting. For practical purposes and with only
6-8 nm film thickness it can be inferred that the “traps” are
distributed in the thin film stack and with a likely increased
concentration at the interfaces, e.g., AlOx-HfOx or CrOx-
HfOx. Despite some of the uncertainties, the percent changes
in these effective parameters (especially subsequent to RS)
reveal what is happening physically as a result of the RS
processes. This provides insights on, whether the RS is due
to changes in the electrodes or the bulk of the film stack,
the nature of these changes on the effective energy levels
of the ions and vacancies/defects and if barrier lowering
or increase is anticipated due to ferro-electric like effects.
These issues will be described in in further detail in the
next section within the context of a plausible physical model
description.
The expression for current density, JFN due to conduction

by a FN tunneling process (tunneling that is enhanced with
an applied electric field), is typically expressed adequately
in [18] and [19] with the form

JFN = q2E2

8πh∅B
e

−8π(2qm∗
T)

1
2

3hE ∅

3
2
B (2)

where m∗
T is the effective tunneling mass and set to the

fixed values of 0.10 for Nb-AlOx-HfOx-AlOx-Nb, and
0.11 with CrOx inserted. This is a good approximation
for these heterostructures [40]. Planck’s constant is h and
the electrode barrier height is φB. From the expression
in equation (2), JFN is exponential and power depen-
dent on φB, so its value is initially estimated based on
knowledge of the Nb electrode work-function and the
electron affinities of the materials that comprise the film
stack. With m∗

T fixed, and E determined by the measure-
ment voltage, φB is fitted to achieve a good agreement
between the measured and modeled I-Vs. As FN is elec-
tric field dependent, it emerges strongly with voltage levels
greater than 0.4 V where electric fields are on the MV/cm
scale.
The expression for current density, JDT due to DT (quan-

tum mechanical tunneling of carriers directly across from the
top Nb to bottom Nb electrodes without requiring an applied
electric field), is typically expressed in [18] and [19] with
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the form

JDT = q2

8πh∅Bε
e

⎡
⎢⎣−8π

√
2m∗
T (q∅B)

3
2

3hqE

(
1−
(

1− V
∅B

) 3
2

)⎤⎥⎦

(3)

where variables are as defined in the PF and FN expressions.
The tunneling effective mass is m∗

T , and the value from the
FN model is used. It should be noted that the difference
in effective tunneling masses for DT and FN processes can
vary by +/- 25% due to details of the quantum mechanical
description. The DT current is calculated subsequent to a best
attempt to fit the I-Vs with the PF and FN models, as DT
is not expected to be primary at 6-8 nm film thickness and
room temperature operation conditions.
The current density JIT due to IT (current contribution

due to the physical motion of charged ions) is typically
expressed [18], [19] as

JIT = Jie

[
−
(
q∅B
kT − Edq

2kT

)]
(4)

where d is the effective ion spacing, which is readily esti-
mated based on the extracted trap density NT from the
extracted PF conduction component. Ji is a proportional con-
stant and adjusted based on the zero voltage current. Other
variables are as already defined in the PF, FN and DT models.
It is expected that in these devices that IT has a role, espe-
cially if there is any bond breakage (change in φt and NT )
and subsequent ionic transport. This warrants examination of
the IT component and its interpretation not in isolation of the
PF component. To complement the I-V modeling, the energy
band diagrams are constructed at 0, 0.3 and 0.9 V. Values
for the work-functions, energy-gaps, and valence and con-
duction band offsets for the Nb, AlOx, HfOx, and CrOx
films are estimated from sources reported in the literature
based on direct measurements or theoretical modeling [29].
It should be noted that the specific values can realistically
vary by +/- 10 %, depending on the specific compound and
stoichiometry produced by the unique deposition processes
or the presence of charged ions and vacancies/defects [39]
or any interface or ferro-electric like polarization effects that
may result in effective barrier lowering or increase [35].

B. RESISTIVE SWITCHING IN NB-ALOX-HFOX-ALOX-NB
HETEROSTRUCTURES
Several insights are obtained through examination of the
measured and modeled I-Vs in Figures 3 and 8 and
the energy band diagrams in Figures 9 and 10. First for the
case of Nb-AlOx-HfOx-AlOx-Nb, with compliance current
set to 1 mA, (as described earlier), there is <1% hystere-
sis in the I-Vs when sweeping forward and reverse. This
supports the notion that minimal changes under these mea-
surement conditions, are occurring in the bulk of the film
stack or at the electrode interfaces. All of the extracted
current components are examined in order to reveal what
is happening. As a reminder, under 1 mA compliance

FIGURE 9. Energy band diagrams for the Nb-AlOx-HfOx-AlOx-Nb devices
consistent with the I-V measurements and modeling under (a) 0 V (b) 0.3 V
and (c) 0.9 V. The diagrams describe schematically the PF, FN, DT, and IT
conduction components. The effective energy barrier height φB and trap
energy levels φT parameters are the estimates from the model fittings
(Table 1). The energy band diagrams support a high level of PF transport
with an increasing FN component with increasing voltage consistent with
the I-V modeling. At neat 0 V it is clear that DT occurs but requires
transport over a relatively large barrier with 6 nm film thickness. IT is
apparent as a consequence of bond-breakage and transport under electric
field and works in conjunction with the PF as part of the RS process.

current measurement conditions, the measured I-Vs are fit
excellently considering PF as the primary conduction mecha-
nism and using an average value of φT = 0.17 eV and setting
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FIGURE 10. Energy band diagrams for the Nb-AlOx-HfOx-CrOx-AlOx-Nb
devices consistent with the I-V measurements and modeling
under (a) 0 V (b) 0.3 V and (c) 0.9 V. The effective energy barrier height φB
and trap energy levels φT parameters are estimates from the model fittings
(Table 1). The energy band diagram supports a high level of PF transport
and an increasing FN component with elevated voltage, similar to
Nb-AlOx-HfOx-AlOx-Nb. The region of expected ferro-electric like
polarization, for this case and at the CrOx-HfOx interface with possible
displacement of Cr+ is noted. At near 0 V it is clear that DT occurs but
would require tunneling transport through relatively large barrier hence
reducing the quantum mechanical probability of occurrence. Similarly, IT is
lower in magnitude but operates in conjunction with the PF transport as
part of the RS process.

NT = 1.98x1012cm−2, with the electrode barrier height set
to φB = 2.61 eV. The minor hysteresis is easily accounted
for in the model by a commensurate increase in the value

of Nt. At near zero voltage, DT is apparent and relatively
strong in its contribution with μA scale current, but it is
quickly overtaken by the PF component with a voltage of
50-75 mV (∼2-3 kT/q). This behavior is normal and expected
as with a 6.3 nm film thickness the quantum mechanical
probability for DT is low. The situation is described in
the band diagram in Figure 9a as well as the schematic
in Figure 12a. Reducing the film thickness further, may pro-
vide increased DT, but that may not be appropriate for the
design of a well-behaved memory device [14], [16], [30]. As
voltage is further increased to 0.3 V, and the bands are bent
further as described schematically in Figure 9b, the PF com-
ponent increases exponentially, coinciding with the effective
lowering in the thermal barrier required for PF. With current
compliance set to 1 mA, 0.11 V is quickly reached prior
to when the FN conduction component has an appreciable
contribution, and based on this calculation requires a volt-
age exceeding 0.31 V (0.51 MV/cm). In general, the lack of
appreciable hysteresis under these conditions suggests that
there is insufficient electric field-strength and current flow to
induce either Al-O or Hf-O bond breakage, causing minimal
ion or vacancy migration or filament formation. This results
in a minute physical change to the bulk of the film stack or
electrodes. The PF type conduction is therefore most likely
facilitated by the intrinsic ions and vacancies/defects density
consistent with the extracted NT, which is expected in ALD
sub-stoichiometric films. This is especially expected in these
structures that comprise two AlOx-HfOx interfaces, as the
density of trap sites is typically enhanced at these interfaces.
Next, with the compliance current limit increased to

10 mA and as presented in the measurements in Figure 3b,
a strong RS is observed with abrupt jumps and drops in cur-
rent (effectively the SET/RESET functions in a ReRAM).
The currents under both forward and reverse directions
are captured excellently with the models subsequent to
calibration with parameters in Table 1 and as plotted in
Figure 8b. The pre-RS currents are captured with a pri-
mary PF component where the initial φt = 0.17 eV and
Nt = 2.1x1012cm−2 with the electrode barrier height set
to φb = 2.6 eV, similar to the case for the measurement
with current compliance set to 1 mA. To capture the large
decrease in current indicative of an RS process, it requires
significant primary modification of both φT = 0.22 eV and
NT = 1.1x1011cm−2 with a slight modification to the elec-
trode barrier height φB =2.65 eV. Looking closer at the I-V
fittings with these conditions and where current is permit-
ted to increase to 10 mA, it is apparent that FN emerges
significantly with voltage greater than 0.4 V, 0.67 MV/cm
field strength and completely exceeds the PF component
at 0.7 V corresponding to an electric field strength of
1.2 MV/cm at the 6.2 nm film thickness. The situation is
consistent with the band diagram in Figures 9b and 9c,
which describes the situation with an increase in voltage
to 0.9 V, and where a triangular potential barrier results in
increasing FN tunneling with the co-existence of significant
levels of PF.
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FIGURE 11. Measured (cryogenic LN2) versus modeled currents in forward
and reverse for Nb-AlOx-HfOx-CrOx-AlOx-Nb. Extracted current conduction
components consistent with PF and FN tunneling are shown. With cooling
there is reduction in the total current and a consistent reduction of the kT
dependent PF component while retaining the temperature insensitive FN
tunneling current component.

To further understand what is happening in the film stack
with the RS process, a plausible scenario is examined as
described schematically in Figure 12b under high current
compliance and voltage conditions. The fact that the φB
parameter did not require significant change to fit the I-Vs
and the major changes required were to the φT and NT, indi-
cates changes in the AlOx-HfOx-AlOx film with RS and the
likely contributor of the two AlOx-HfOx interfaces. RS is
likely due to oxygen ionic effects as described in Figure 12b,
and includes under appropriate voltage and current flow con-
ditions, the abilities to break Al-O and Hf-O bonds as well
as weak bonds at the AlOx-HfOx interface. This is supported
by the necessary significant difference in φT and NT between
forward and reverse sweeping, while retaining a near con-
stant φB; consistent with physical changes internal to the
film stack and not of the Nb electrodes. After bond breakage
and with high electric fields there can be subsequent migra-
tion of negatively charged oxygen ions towards the top Nb
electrode, resulting in formation or annihilation of vacancy
filaments. These vacancies in ALD films may logically com-
prise a mixed percentage of charged neutral Vo states as well
as a smaller percentage of charged vacancy states. Recent
density functional theory (DFT) calculations [39] are con-
sistent with this notion and that these vacancies may have
similar energy levels to the description observed here experi-
mentally. With an opposite polarity voltage, (i.e., the RESET
function of a memory), there is expected to be a reverse
migration of the oxygen ions back towards the AlOx-HfOx
interfaces and subsequent recombine with the high den-
sity of vacancies and a return to the prior situation. The
occurrence of these two actions would result in (1) substan-
tial current conduction modulation consistent with what is
observed here in the measurements and the need for includ-
ing both PF conduction and (2) an IT component of current
that does not operate in isolation. The situation is described
schematically in Figure 12b and is consistent with the cur-
rent understanding for RS in ALD HfOx films, albeit in this
case with integration of Nb electrodes [9], [15]. Further anal-
ysis may be possible with for example atomistic molecular

dynamics simulations. While cryogenic measurements may
provide further insight into the mechanisms of operation and
facilitate parameter extraction and validation, cooling of the
devices would likely introduce additional impacts aside from
that observed at room temperature as this analysis is spe-
cific to unique operation conditions. It is relevant to note
that to the best of our knowledge, this work presents the
first experimental validation that a RS process in devices
with Nb electrodes is possible. While it may seem obvi-
ous, there is in fact no guarantee that RS would occur
as the electrodes can have a strong role on the behavior
especially if they are highly prone to, for example oxidation
effects [24].

C. RESISTIVE SWITCHING IN NB-ALOX-HFOX-CROX-
ALOX-NB HETEROSTRUCTURES
Next, the RS process is examined in further detail for the Nb-
AlOx-HfOx-CrOx-AlOx-Nb heterostructures that integrate
CrOx. As described in the electrical measurements pre-
sented in Figure 3, profound differences in the RS behavior
are observed. These include a gradual RS with a signifi-
cant net clockwise hysteresis, supported at a significantly
reduced voltage of 0.3 V and current compliance set to
1 mA. The increased non-linearity in the C-V measurements
also strongly suggests that an alternate mechanism is also
contributing. Similar to the case without CrOx, excellent fit-
tings between measured and modeled I-V characteristics are
obtained and plotted in Figures 8c and 8d, with appropriate
modification to the parameters as listed in Table 1.
These modifications provide further insight into the phys-

ical process that result in the RS. First, with current
compliance set to 1 mA, the total measured current is sim-
ilar, but slightly reduced with the CrOx inserted, and due
to the 2 nm integrated in the film stack. To account for
the hysteresis, the current conduction is captured with the
identical models, with the following changes: (1) an increase
of φT = 0.24 eV, and (2) decrease of NT=0.91x1012 cm−2

and (3) setting the φB = 2.8 eV. An increase of 0.2 eV is
to account for the CrOx in the film stack that effectively
increases the total barrier height. During close examination
of the film stack as described in Figure 12c, in the presence
of CrOx, this Nb-AlOx-HfOx-CrOx-AlOx-Nb heterostruc-
ture, contains a CrOx-HfOx, CrOx-AlOx and AlOx-HfOx
interface, in contrast to the two AlOx-HfOx interfaces for
Nb-AlOx-HfOx-AlOx-Nb. Figure 12c describes a plausible
situation for the RS observed with current compliance set
to 1 mA where it is understood that under high electric
field and current conditions, a soft breakdown can occur
that results in, Cr-O bond breakage and Cr+ migration or
atomic displacement towards the HfOx. It is plausible, that
displacement of the Cr+ at a high electric field towards
the HfOx may result in a modulation of an effective ferro-
electric like polarization via modification of an electrostatic
doping at the interface with HfOx or an effective chemical
doping. Such displacement or doping could behave simi-
lar to a ferro-electric film in altering the local electrostatic
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FIGURE 12. Proposed physical model schematics under 1 mA and
10 mA for (a-b) Nb-AlOx-HfOx-AlOx-Nb and (c-d) for
Nb-AlOx-HfOx-CrOx-AlOx-Nb. The plausible physical mechanisms that are
consistent with the measured and modeled results are described for each
case and includes the balancing effects of chromium and oxygen ion
migration and vacancy formation and the possibility of ferro-electric like
enhancements especially at the CrOx-HfOx interface. Current conduction is
strong in all cases and consistent with the high density of ions and
vacancies/defects that contribute to the PF transport and extracted based
on the model fittings of the measured I-Vs in Figure 8 with parameters in
Table I and the energy band descriptions in Figures 9 and 10.

potential of the trap energy level, resulting in subsequent
modulation of the current conduction as noted on Figure
10b and 10c. Very recently, other groups have observed evi-
dence of ferro-electric like properties along with modulation
of the current conduction for doped HfOx compounds includ-
ing hafnium zinc oxide, supporting this analysis [33], [34].
This notion is corroborated by evidence of partial switch-
ing in the ferroelectric polarization hysteresis loops shown
earlier in Figure 6. The prevalence of large levels of PF

conduction is confirmed in the cryogenic measurements and
corroborated by the fitting of the IVs comparing cryogenic
to room temperature conditions in Figure 11 that have sig-
nificant reduction in the thermal components with increasing
dominance of the FN tunneling and retaining hysteresis in
the characteristics.
Next, the configuration is examined with current compli-

ance set to 10 mA. It is expected that both the AlOx-HfOx
and the CrOx-HfOx interfaces contribute to the RS behav-
ior. It is plausible, as described in Figure 12d that under
these unique conditions (where the Nb-AlOx-HfOx-AlOx-
Nb had an observable RS) that there is a balance of both
positively charged chromium and negatively charged oxy-
gen ionic effects that both impact the RS process while
under higher current flow and electric field conditions. In
this case, however there is plausible tendency to drive recom-
bination processes via, for example, competing oxidation and
reduction that can suppress normal full filament formation.
This results in a possible situation as presented in Figure
12d where normal partial filament formation towards both
top and bottom electrodes is suppressed due to competition
at high current density between Cr+ and O− impacts to
the RS. Such behavior would make a normal high/low RS
process unlikely and consistent with that observed in the
measurements, but current conduction would remain sub-
stantial as there is significant density of disordered ions and
vacancies/defects in the film stack that would contribute to
a strong PF current component. This description is therefore
reasonably consistent with the measurement observations and
modeling in Figures 3 and 8. The small residual counter-
clockwise hysteresis observed is most likely the result of
a slight unequal balance of these effects. Clearly, for design
of a memory device where lower voltage and current opera-
tion are preferred for technological advantage, the operating
point for a memory device based on structures similar to
Nb-AlOx-HfOx-CrOx-AlOx-Nb would be selected to opti-
mize the ferro-electric like effects and enhanced RS. It is
necessary to note, that while these conclusions are consis-
tent with the measured and modeled behavior, the analysis
in this manuscript does warrant further investigation by
various meteorology and spectroscopy techniques, includ-
ing use of atomistic molecular dynamics simulations that
could further reveal the physical phenomenon that drive the
current conduction and RS as well as assist in the device
optimization.

V. FUTURE PROSPECTS IN VOLTAGE-CONTROLLED
MEMORIES
To put these results in some perspective, Figure 13 illus-
trates current and future trends in voltage-controlled memory
device research and development. Key figures of merit are
the switching voltage and speed and suggest likely compat-
ibility with 0.7-0.9 V CMOS [27], 0.2-0.3 V TFETs [26],
or 10-20 mV SCE [8]–[9] logic. While current ReRAM
solutions reported to be near production appear compatible
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FIGURE 13. Illustrative description of current and future
voltage-controlled memories considering switching voltage and speed.
Shown are the advances in this work and prospects for future
improvement.

with CMOS operating conditions and cross-point integra-
tion, further improvement in voltage and speed is required
for compatibility with tunneling FET logic and contin-
ued improvement in energy efficiency and speed, therefore
necessitating use of enhancements such as integration of
ferro-electrics such as in the Nb-AlOx-HfOx-CrOx-AlOx-
Nb system. It is expected that with further optimization of
the heterostructure and the ferro-electric properties of the
film stack, even further reduction in voltage and increase in
switching speed will be obtainable. For direct compatibil-
ity with the operating conditions of SCE electronics, e.g.,
RSFQ circuits that switch with 20 mV and 10-20 pico-second
pulses, it is necessary to investigate the impact of supercon-
ducting regime of operation that may provide for further
reduction in voltage and increase in speed by harnessing
Josesphson tunneling. While these concepts are largely at
the basic research and idea stage, ferro-electric enhanced
RS operation at room or reduced temperature appears to be
near term and amenable to the manufacturing of memory
cells that can be integrated in cross-point configurations.

VI. CONCLUSION
In summary, heterostructure devices integrating Nb metal
and aluminum, hafnium and chromium oxide thin films
are constructed by a combined sputtering and ALD pro-
cess. RS is observed for the first time in devices with Nb
electrodes, including specifically Nb-AlOx-HfOx-AlOx-Nb
and Nb-AlOx-HfOx-CrOx-AlOx-Nb. Insertion of CrOx in
the heterostructure is observed to result in RS at lower
voltage and current and increased nonlinearity in the C-V.
The results support a reduced current and field threshold
for RS due to inclusion of CrOx consistent with different
threshold for Cr+ versus O− RS processes and ferro-electric
like enhancements. Insight on the conduction mechanisms
and RS properties is obtained by comparing electrical mea-
surements with conduction models and Poole-Frenkel and
Fowler-Nordheim tunneling are primary transport conduc-
tion components at room temperature with the contribution
of direct tunneling and ionic conduction apparent but with

reduced magnitude. The electrical measurements are con-
sistent with high levels of ions and vacancies/defects and
the formation of conduction filaments as well as the role
of ferro-electric like enhancements for the case of the Nb-
AlOx-HfOx-CrOx-AlOx-Nb as a consequence of the CrOx
interfaces and corroborated by measured partial switching
in the ferro-electric polarization loops. Measurements under
liquid nitrogen conditions demonstrate retention in the RS
behavior and a reduction in the thermal current components
with respect to the tunneling. Low voltage and high speed
operation is validated with pulsed measurements down to
20 ns pulse width/rise/fall times and the excellent retention
time and endurance makes these devices a viable candidate
for manufactural RS memory applications.
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