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1. Introduction

In recent times, a variety of threshold switching devices have
been investigated for use as selector devices for resistive crossbar
memories,[1,2] nanoscale oscillators for reservoir computing,[3]

and for neuromorphic applications.[4,5] Different physical mech-
anisms can be the origin of the threshold switching effect. Apart
from ovonic threshold switching[6] and electrochemical mecha-
nisms,[7] a large class is based on thermal effects. Some materials
exhibiting a thermally driven phase transition, such as VO2

[8–10]

or NbOx,
[4] are under consideration, but these suffer from a tran-

sition temperature that is either too low or too high for practical
applications. In NbOx, additionally, another distinct switching

mode has been observed that is believed
to be due to a thermal runaway effect.[11–13]

Recently, this has also been observed in
highly Cr-doped V2O3 (Cr:V2O3)-based
nanoscale devices, which have a high
switching speed and endurance, as well
as a very stable threshold voltage.[14–16]

This thermal runaway results from a region
of S-type negative differential resistance
(NDR) in the steady-state current–voltage
characteristic of the device.

Practical applications will require
integrating devices with complementary
metal-oxide-semiconductor (CMOS)-based

components, which puts limits on backend processing temper-
atures. However, in reported Cr:V2O3 devices, crystalline films
were deposited with a high-temperature physical vapor deposi-
tion (PVD) process or a low-temperature deposition and a sub-
sequent furnace anneal were used.[15,17] Ideally, devices should
be fabricated from amorphous V2O3 deposited at room temper-
ature. Both volatile and persistent switching effects have been
reported for such films, but little is known about their physical
origin, and how the switching is influenced by material proper-
ties such as doping concentration and oxygen stoichiometry.[14,17]

This must be elucidated to enable fabrication of devices with opti-
mized behavior. Furthermore, the reported switching mecha-
nisms require a preceding electroforming step,[14] which is
not needed for crystalline devices.[15] Therefore it should be clar-
ified if this step is essential or can be avoided.

Here, we present results on amorphous Cr:V2O3 for different
doping concentrations, oxygen stoichiometries, and thicknesses.
First, it is demonstrated that a forming step is necessary to crys-
tallize a filament in the material. We then show results that indi-
cate that the switching mechanism in the filament is the same as
in cells consisting fully of crystalline oxide, by describing the
observations with a thermal feedback model. The model
additionally considers the variability introduced by the different
configurations of the crystallized domains. Finally, we investigate
how the switching behavior changes for different material
compositions.

2. Experimental Section

The devices investigated in this work were line arrays consisting
of 32 individual cells arranged in a row (Figure 1a,b). These were
fabricated on Si substrates with a�400 nm-thick layer of thermal
SiO2. First, a 30 nm-thick Pt bottom electrode was deposited by
DC sputtering with a 5 nm Ti adhesion layer. A 30 nm SiO2 layer
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was then deposited by electron beam evaporation. Trenches of
different widths (3, 5, 7, 10 μm) were etched into this after a stan-
dard photolithography step. Then, a full film of Cr-doped V2O3,
either 30 or 100 nm thick, was deposited by reactive radio fre-
quency (RF) sputtering from a V/Cr alloy target. Two different
targets with either 5 or 15% Cr alloyed into V were used (3N
purity). An oxygen/argon mixture was introduced during this
to form V2O3. To achieve the correct composition, very low oxy-
gen contents of 0.06 and 0.14% were required. This was achieved
utilizing two gas sources, a 1% O2 in Ar mixture and a pure Ar
source (both 5N purity). For brevity, we referred to the former as
the O2 flow in the remainder of this work. By combining them in
a ratio of 6 sccm/94 sccm or 14 sccm/86 sccm, the desired low
oxygen concentration was realized. The pressure in the chamber
was controlled by an outflow valve to be 0.01 mbar. Because sput-
tering is a nonequilibrium technique, this allows forming
reduced phases compared to the fully oxidized V2O5.

[17] The com-
position was verified in a previous work by X-ray photoelectron
spectroscopy (XPS), where þ3 and þ4 oxidation states were
found for vanadium, indicating a slightly oxygen-rich V2O3,
and a good transfer of the Cr doping concentrations to the films
was confirmed.[14,17] A direct characterization by X-ray method
was not possible due to the amorphous nature of the films; how-
ever, if a crystalline film was fabricated with the same settings
and heated deposition, V2O3 was obtained.[17] Finally, 30 nm-
thick Pt top electrodes were fabricated by a lift-off step. Their
width was the same as the corresponding trench’s, resulting
in square devices (see inset in Figure 1a).

Eight different device stacks were considered (Table 1), con-
sisting of any combination of two chromium concentrations
(5 and 15%), two oxygen flows during deposition (6 and 14 sccm),
and the thicknesses 30 and 100 nm.

For experimental characterization, the 32 top electrodes were
contacted with a probe card connected to a custom array
measurement system manufactured by aixACCT Systems. The
common bottom electrode was grounded with a single probe.
The four voltage output channels of the system were set up so
that resistors of 500Ω, 1000Ω, and 3000Ω could be placed in
series with the cells during the measurements (Rseries), and
the last channel allowed a direct connection.

The series resistors introduced negative current–voltage feed-
back to the system and were used for two related reasons. The
first was to enable a stable characterization of NDR steady-state
curves, which can be separated by runaway transitions between
two stable branches if the series resistance is not sufficiently
large.[18] The second reason for the series resistance was to pre-
vent destruction of the device in the event of runaway switching
by limiting the exposure of the device to voltage and current. If
the device conductance switches with high speed relative to the
applied voltage sweep rate, a transition along the negatively sloped
load line will be recorded before stabilizing at reduced device volt-
age. This phenomenon has been called “snapback,” independently
of the mechanism driving the switching process.[19–22] However,
using a large enough series resistance, the switching can be con-
trolled in a more continuous way, and characteristic NDR curves
can be observed in the measurement.[23]

The series resistance value is a compromise between the
desired large output impedance and the maximum available
voltage from the source. Due to the voltage divider effect, if
the resistor is too large, the voltage that reaches the device
electrodes may not be large enough to induce switching. For
the analysis and in the figures below, the voltage across the device
electrodes was calculated by subtracting the voltage drop over the
series resistor from the applied voltage.

The measurements were performed by applying voltage
sweeps with different peak voltages (2–8 V, in 2 V steps) and

Figure 1. a) Scanning electron microscopy image of a row of devices. The horizontal line is the trench in the SiO2 layer, the vertical structures are the Pt
top electrodes connected to contact pads. The bottom electrode contact is not shown. b) Cross section of a cell. The active device area is defined by the
trench and the top electrode (indicated as nonlinear element (NLE)). The overlaid circuit diagram gives the electrical connections during the measure-
ments. In addition to the intentionally applied series resistor (Rseries), an internal resistance of the electrodes is considered (Rinternal). c) Sketch of a typical
measured curve. The region with S-type NDR is indicated by the black (dashed) line in the center. The two points delimiting this region, extracted for the
analysis, are marked by red dots. Blue lines indicate the regions where the on and off resistances were extracted.

Table 1. Investigated Cr:V2O3 layers.

Sample Cr [%] O2 [sccm] Thickness [nm]

1 15 6 30

2 15 14 30

3 15 6 100

4 15 14 100

5 5 6 30

6 5 14 30

7 5 6 100

8 5 14 100
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series resistors. The sweep duration was fixed to 10ms, resulting
in sweep rates of 0.2–0.8 Vms�1. The combinations were
selected at random for each measurement, to prevent any drifts
from influencing the results. Ten combinations were tested for
each cell, with 64 cells characterized for each trench width. As
four widths were available, this yielded 2560 measurements
for each of the layers in Table 1. Before and after each sweep,
the resistance of the cell was measured using 0.1 V pulses.

For the analysis the data were first cleaned, by removing defec-
tive cells exhibiting a short or open circuit due to contact issues.
Then, from each individual sweep, characteristic data were
extracted (indicated in Figure 1c), such as the voltage and current
at the onset of NDR (Vth, Ith) and at the point where differential
resistance turned positive again (Vhold, Ihold). The width of the
NDR region, defined as Vth–Vhold, was referred to as ΔVNDR.
Additionally, leakage resistance (ΔRoff ) and the on resistance
(ΔRon) were approximated by fitting lines to the lowest and high-
est current section of the curve, respectively. Naturally, it is not
guaranteed that a cell exhibits NDR behavior, and all points exist.
Where this was not the case the datum was marked accordingly.
For the analysis of the variability and material dependence, some
outliers were removed to prevent distortion of the averages.

The forming event was detected by evaluating the ratio of
resistances before and after each sweep. The first sweep where
the resistance was reduced by more than half was considered the
forming, and all sweeps before this were marked as pretransi-
tion, while those after were considered postforming.

Temperature-dependent measurements were done on individ-
ual cells using a Keithley 2636B source-measure unit between 30
and 80 °C.

3. Simulation Model

To describe the experimental results, a simple model was
used that describes the electronic conduction and accounts for
the self-heating of the device at higher currents. This model
is closely related to other models for volatile threshold
switching devices.[16,24] An equivalent circuit diagram is shown
in Figure 2.

The electron conduction is described by

IðVdevice,TÞ ¼ a� Vdevice � exp � b
kBT

� �
� expðc

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Vdevice

p
Þ (1)

where a is a scaling factor for the current, b describes the energy
barrier for the electronic conduction, and c represents the scaling
of the voltage dependence of the current.[15,16] T is the device
temperature, increased above the ambient temperature due to

the self-heating of the device. Newton’s law of cooling describes
this self-heating as

Cth
dT
dt

¼ I � Vdevice �
T � T0

Rth
(2)

where Cth and Rth denote the thermal capacitance and thermal
resistance, respectively. T0 is the ambient temperature, which is
chosen as 293 K for all simulations if not denoted otherwise.
The input current is applied as repeated triangle sweeps with
a rise time of 10ms from 0 to 10mA and a fall time of 10ms
from 10 to 0mA.

The model is then expanded to account for device-to-device
(d2d) and cycle-to-cycle (c2c) variability in a manner closely
related to the approach in a previous work.[25] For this purpose,
all parameters of the compact model are assigned a mean value
as well as a global maximum and minimum value. d2d variability
is introduced by drawing the initial parameters for each device
from a Gaussian distribution, which is described by each param-
eters’ mean value and the coefficient of variation (varK ). These
distributions are truncated by the global maximum and mini-
mum values for each parameter. c2c variability is achieved by
adapting the parameter values of the compact model over time.
The maximum variation around the initial parameter value of
each device is determined by the parameter c2c percentage
(c2c%). For the c2c variability, the parameters are changed after
each triangular pulse. The maximum change of each parameter
between two cycles is given by the maximum stepsize (maxstep).
The change of a parameter x from step (k–1) to step k can then be
described by

xk ¼ xk�1 � ð1� P �maxstepÞ (3)

where P is a random number between zero and one scaling the
applied step size. The direction of the change of the parameter
value is randomly assigned between ‘þ’ and ‘–’ with a 50%
chance for each direction. If the value calculated from
Equation (3) exceeds the limitations given by c2c%, the value
is clipped to the corresponding parameter limit.

The adapted parameter values and their limits are shown in
Table 2 for the 100 nm-thick sample with 5% Cr doping and
14 sccm O2, corresponding to the measurements in Section 4.

Figure 2. The circuit diagram used to simulate the compact model and to
adapt its parameters to the measurements.

Table 2. Parameters of the compact model.

Symbol Minimum Median Maximum

a [S] 4.2 6 7.2

b [eV] 0.144 0.18 0.216

c [V�1/2] 1.05 1.5 1.8

Rinternal [Ω] 140 200 260

Cth [J K�1] 0.7� 10�11 1� 10�11 1.2� 10�11

Rth [K W�1] 0.7� 106 1� 106 1.2� 106

varK – 0.3 –

c2c% – 5% –

maximum step size – 3% –
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4. Origin of NDR

4.1. Forming

The electrical characterization reveals that an NDR effect can be
realized in all eight investigated stacks, however with different
curve shapes and reliabilities. In most cases, a forming step is
necessary. A typical example is shown in Figure 3a. Initially,
the cells exhibit a relatively high resistance. When a sufficiently
high-voltage sweep is applied, first the device current rises grad-
ually and then a sudden increase in the conductivity is observed.
Because a resistor is applied in series with the cell to limit the
current, this is accompanied by a reduction in the cell voltage due
to the voltage divider effect. When the voltage is reduced again,
the current will remain at much higher values than during the
first half of the cycle, indicating a permanent change in the resis-
tance of the cell. In subsequent cycles, the I–V characteristic
shows a negative resistance behavior at much lower voltages
(under 1 V). This does not result in permanent changes and
can be repeated multiple times with identical behavior.
Ideally, a smooth curve is observed; however, the measurement
can also show a discontinuous jump with a small hysteresis if the
series resistor is too small.[18]

Figure 3b demonstrates the necessity of the forming step to
reliably obtain NDR behavior. For all samples, it compares the
number of devices in which NDR was observed before and after
a forming event had occurred. Only in a negligible number of
cells it is found without forming, whereas afterwards it is often
seen. Clearly, the number of successful forming events is differ-
ent between the two film thicknesses. Thinner films appear to be
more difficult to form. Additionally, higher forming voltages are
observed for higher doping concentrations.

This is a good indication regarding the mechanism of the
forming event. It has been suspected that it is due to local crys-
tallization of the amorphous oxide due to Joule heating.[14,17] As
the higher doped films are more insulating (experimental results
in other studies,[17,26] detailed theoretical discussion of the
electronic structure by Grieger et al.[27]), a larger voltage will
be necessary to achieve the required temperatures.

The conductivity in the amorphous oxide shows a strong depen-
dence on temperature (see Figure S1, Supporting Information),
which might play a role in the forming process. When a sufficient
voltage is applied to the cell, Joule heating will increase its internal
temperature. This will reduce its resistance and therefore lead to
even more current flowing. This raises the temperature even
more, leading to a feedback loop until a temperature is reached
that is high enough for the material to crystallize.

Due to this runaway nature, it can be expected that a thermal
constriction will occur, with only a small filamentary path
through the oxide heating up strongly. This effect has been
shown to be significant for other materials.[28] As this will occur
preferentially at defects such as grain boundaries, the crystallized
domains will also form filaments.

This is indeed observed experimentally: Figure 3c shows some
characteristic switching properties over the cell size. Essentially,
no scaling with the width is seen, clear evidence for the
filamentary nature of the forming process. A slight exception
is the (differential) resistivity in the on state which decreases
somewhat for larger cells. This is likely dominated by the lead
resistance of the electrodes, which will be lower if they are wider.
Because the influence of the cell size is largely negligible, in the
following analysis, all sizes are considered together.

Additionally, no significant influence of the series resistor
used during the forming cycle was found. It would be expected

Figure 3. a) A typical forming loop and a subsequent NDR curve, measured on the 100 nm, 5% Cr, 6 sccm sample. b) The percentage of devices that
show NDR behavior in the unformed and formed states for the different materials. c) Distribution of the switching parameters as a function of the device
width for the same sample as in (a).
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that a higher value would limit the current to lower values
and a smaller filament would be found. The reason this is not
observed is likely due to the capacitance of the cell itself and
of the leads connecting to it. This capacitance is located closer
to the cell than the current limiting resistor and discharges
through the cell on the onset of forming. This reduces the limit-
ing effect.

The surprising observation that the thinner films are more dif-
ficult to form, even though the electric fields should be higher, is
believed to be due to the lower maximum temperature in the cell.
Because of the high thermal conductivity of the Pt electrodes, and
especially the large bottom electrode, these will transfer the main
part of the generated heat away from the cell. For the thick oxide,
the center of the cell is separated by a thicker layer of relatively
low-thermal conductivity oxide from these and will reach a
higher temperature. The thinner cells are more effectively
cooled, and therefore it is less likely that the necessary tempera-
ture for crystallization is reached.

Figure 3b also shows some occurrence of NDR in devices
without forming. We attribute this mainly to the presence of
defects in the material, which in many transition metal oxides
are mobile under the influence of an electric field.[29] In this case,
the material might be slightly oxygen rich, either due to deposi-
tion or exposure to ambient atmosphere. The defects mobility is
significantly enhanced by elevated temperatures due to Joule
heating, which can lead to well-known nonvolatile switching
effects.[30] In these cases, the SET transition can appear as an
NDR region.[18,21] Here, a more moderate drift effect that does
not result in switching might be active. The influence of excess
oxygen in Cr:V2O3 is approximately opposite to chromium dop-
ing and can compensate its effect.[31] If there is a drift of oxygen,
it will have a proportionally bigger influence on the 5%-doped
films, because less uncompensated Cr remains. This is indeed
observed, the ratio of unformed to formed devices with NDR
is clearly larger for the lower doped samples (comparing identical
thicknesses and O2 flows). Further evidence is that this ratio also
appears to be larger for thinner devices, where a stronger electric
field can be expected to lead to an increased drift of defects.

The fact that this unformed NDR effect occurs only occasion-
ally indicates that it is enabled by imperfections in the film, such
as boundaries between the growth columns, and would not be

found in industrial quality films. Because of this, we only
consider the formed devices in the remainder of this work.

4.2. NDR

After forming, the devices show an S-type NDR behavior
with typical threshold voltages of 0.5–1 V at room temperature.
The off resistance at voltages below the threshold is on the order
of a few kiloohm, the on resistance is about 100–200Ω. The pre-
cise values differ between materials, as will be discussed below,
as well as between different devices on one sample. As the pro-
posed explanation for the switching is based on a self-heating
effect, it should have a clear dependence on the ambient temper-
ature. Figure 4a shows measurement results up to 80 °C with a
10 kΩ series resistor. At room temperature, NDR is clearly seen,
but the curve has several kinks. This is believed to be due to a
filament that consists of multiple crystalline grains, which might
have an onset of NDR at slightly different voltages, for example,
due to their different sizes. With increasing ambient tempera-
ture, the onset of the NDR is shifted toward lower voltages,
and the width of the NDR region (ΔVNDR) is reduced.
Additionally, the leakage current at low voltages increases signif-
icantly with temperature. This continues, until the NDR disap-
pears completely at the highest temperatures. It should be
noted that this not a permanent change to the device; if the
ambient temperature is reduced again, the NDR is recovered.
This trend is reproduced by the model as discussed below;
qualitatively, it can be understood as a consequence of the strong
thermal activation of the conductivity. The internal device
temperature, and therefore onset of NDR, is determined by
the dissipated power. An elevated ambient temperature
increases the current for a fixed voltage; consequently, to dissi-
pate the same power, a lower voltage is needed. This leads to a
reduction of Vth, whereas the behavior at high currents is mainly
limited by the (constant) internal series resistance. Therefore, the
NDR window is reduced, and due to the higher conductivity
at low voltages the transition to the low on-resistances is
smoothed out.

Some of the curves show a slight hysteresis between the
increasing and decreasing part of the voltage sweep. This might
in part be due to the thermal capacitance of the device, which

Figure 4. a) Measured switching curves for different temperatures for the 5% Cr, 6 sccm O2 sample. b) Corresponding simulation using the parameters
given in Table 1.
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would lead to a higher temperature during the falling part of the
sweep; however, another significant influence might be again
due to defects mobile under the influence of the electric field,
that might lead to a gradual drift in cell behavior.

Relatively high currents of nearly 1mA are observed in the
experiments. This likely has two reasons. First, even though
Cr:V2O3 is many orders of magnitude more insulating
than metallic, undoped V2O3, it is still relatively conductive
(�1–10Ω cm[32]) compared to other insulators. The second
reason for the high currents above the NDR region is likely
the strong increase in conductivity due to self-heating. It should
be noted that a low resistance in this region is desirable for device
applications, and the current at the onset of the NDR is much
lower (<100 μA).

The simulation results in Figure 4b match the observed
behavior qualitatively quite well, indicating that the thermal
runaway model is adequate and the conduction mechanism
can be described for both ambient and elevated temperatures
by Equation (1). As the simulations consider a homogeneous
device, the curves are smooth. The hysteresis here is only due
to thermal capacitance and is smaller than the experimentally
observed one, indicating that at least some drift is present.
Quantitatively, there is some disagreement between the
simulated and experimental values for the threshold voltage.
This is because the model is adapted to an average device,
whereas the physical cells show significant variability. This
highlights the importance of collecting many loops to allow
for valid conclusions.

It should be noted that the model explains the observations
purely by modeling a thermal runaway, without assuming that

any Mott metal–insulator transition (MIT) occurs. While in
principle, thermal runaway and MIT can be found in the same
device.[13] This is unlikely here, because the doping concentra-
tions used are most likely too high and therefore the films too
far from the phase boundary.[32] A field-triggered MIT might
be expected for about 2% doping, but these films have too low
resistance for practical applications.

4.3. Variability

The total variability can be decomposed into two parts, the
variability between different measurement cycles in a single
device and between different cells on a sample. Because the
NDR behavior was most prevalent in the thicker films, these offer
the largest available datasets. Therefore, only they were consid-
ered in the evaluation of the variability. Figure 5a shows the dis-
tribution of the threshold voltage as a representative parameter
for different materials. The c2c variability is defined as the largest
deviation from the mean value measured for all cycles in one cell;
the d2d variability is the (absolute) difference between the mean
in one cell and the mean over the whole sample. Clearly, in all
samples, the variation between devices is much larger than
between cycles. The former is �0.3 V while the latter is typically
significantly less than 0.1 V. Interestingly, there are some differ-
ences between materials. The c2c variability seems to have out-
liers at much higher values than typical for the 5% Cr-doped
samples. This might be related to the hysteresis seen in the
I–V loops and is suspected to be due to a drift of crystallographic
defects under the influence of the field, potentially accelerated by
the elevated device temperature during switching.[30] This could

Figure 5. a) Variability of the threshold voltage between cycles and devices for different materials. The lines indicate the median values. b) 1000 conse-
cutive cycles measured with a 1 kΩ series resistor on a single device. All loops are nearly identical. Note that the individual loops are drawn with the same
level of transparency as those in (c, d). c) Variability of the switching behavior for the 5% Cr, 6 sccm O2 sample. The variation is much larger than in (b),
because multiple devices are shown. d) Corresponding simulation results.
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then lead to shifts in the threshold voltage. The precise nature of
defects in the formed filament is not known with certainty.
However, it has been speculated that higher chromium doping
promotes the formation of the correct stoichiometry in V2O3, as
chromium oxide only exists as Cr2O3, while for vanadium oxide
many different compositions are known.[17] This could explain
that less defects are present in the higher doped samples, and
consequently less variability is observed.

The much larger variability between devices is likely due to the
poorly controlled forming process resulting in different sizes of
the filament. It appears like the d2d variability is slightly higher
for the 15% doped samples. However, as will be shown, these
samples also exhibit higher values of the threshold voltage, so
a larger absolute variation is expected.

The low variation between loops in one device is a key char-
acteristic property of the thermal runaway in crystalline V2O3,
which clearly distinguishes the switching from other mecha-
nisms such as nanoionic effects, which typically show significant
variation between cycles.[33,34] Because of this, it was investigated
in more detail. Figure 5b shows 1000 consecutive loops in the
same device. Clearly, the loops are nearly identical with a varia-
tion in the threshold voltage of about 50mV. This is a very strong
indication that the switching mechanism in the formed cells is
the same as in crystalline V2O3.

Because the variability is an important concern for the practi-
cal application of the devices, and to confirm that it can indeed
describe the switching process well, it was implemented in the
simulation model. In Figure 5c,d 315 experimentally measured
loops are compared to 1000 simulated ones. This shows that
when variability is considered, the models predictions are also
quantitatively correct. For example, the average onset of NDR
is at �0.5 V and 100 μA in both measurement and simulation.
The leakage current at 0.1 V is also comparable at about 3 μA,
as well as the slope at high voltages.

5. Influence of Material Composition

To be able to optimize the devices for applications, it is important
to characterize how changes to the material composition affect
switching. For this, we compare the median values of the switch-
ing parameters for different doping concentrations and oxygen
stoichiometries. Again, only the 100 nm-thick films are
considered. In Figure 6a, these are shown grouped by each fac-
tor. This allows easy identification of the influence of material
factors on switching parameters. Only those parameters showing
a significant difference between samples are shown.

Clearly, the influence of the doping concentration is much
more significant than that of the oxygen flow. Increasing it from
5 to 15% leads to an increase in the threshold voltage
from �0.7–0.8 V, as well as an increase in the hold voltage from
0.3 to 0.6 V. Because the latter change is larger, this results in a
decrease ofΔVNDR from about 0.35–0.2 V. The leakage resistance
ΔRoff increases with doping concentration, the change in ΔRon

appears insignificant.
The influence of stoichiometry is less clear. It appears

that an increase in O2 flow leads to a slight increase in
ΔRon; however, this change is much larger for the lower doped
samples. For other parameters, it even appears like the
direction of the change depends on the doping, for example,
the threshold voltage seems to increase with O2 for low doping
concentrations, whereas for high ones it decreases. Of course,
this might be simply due to random variation in the experiment,
but it should be noted that the same trend is also observed for the
hold voltage.

To elucidate the physical origins of these changes, we created
four variations of the simulation model with parameters adapted
to fit the measured characteristics for the four samples. A good
agreement could be achieved in all cases (Figure S2, Supporting
Information). In Figure 6b, the model parameters that show

Figure 6. a) Switching parameters extracted from the measured data. Each dot corresponds to one of the 100 nm-thick samples and indicates the median
value of a property. The same four dots, for example for Vth, are shown grouped by Cr and O2. They are additionally colored by Cr, to highlight the different
influences of O2 dependent on doping. The solid lines connect the median values for each group. b) Parameters of the adapted simulation models.
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significant changes are shown. The complete sets of parameters
are given in Table S1, Supporting Information.

Clearly, b increases with doping concentration, while c
decreases. The internal series resistance shows no influence,
while the thermal resistance decreases. Matching the experimen-
tal results, the influence of O2 is much more subtle. Only c and
Rinternal might show an influence that is dependent on the doping
concentration. c seems to increase with O2 for high doping
concentrations, while it decreases for low doping. Rinternal shows
the opposite trend, but the changes are small and might be
insignificant.

These results suggest the following preliminary understand-
ing of the materials’ influence. Most likely, as the addition of
Cr to V2O3 opens a bandgap, in an effect that has been described
as “chemical pressure” with 1% Cr corresponding to 4 kbar of
pressure,[32,35] it is reasonable to assume that this bandgap
widens with concentration (as the lattice parameters and resistiv-
ity change further after the MIT[26,32,36]). This is consistent with
the observed increase in the energy barrier b. The higher doped
material will then be less conductive for a given tempera-
ture,[17,26] explaining the increased leakage resistance. The
switching voltages are higher, because at a given voltage the
current is lower, and thus the cell temperature is as well.

The decrease in the thermal resistance is most likely not
primarily due to a change in the thermal conductivity of the mate-
rial, because any electronic contribution should decrease with the
electrical conductivity, and the influence on the lattice is likely
small due to the similar masses of V and Cr atoms (as has been
observed for other doped oxides with A2B3 composition and
semiconductors[37–39]). Probably this is due to a different size
of the filament, which could result from different crystallization
temperatures due to doping.

The decrease in c with Cr doping could be an effect due to the
oxygen stoichiometry. If doping helps to stabilize the correct
composition, as indicated by XPS measurements,[14,17] the
number of defects in the material might be reduced, which could
be contributing to conductivity.

6. Conclusion

The results of the present study indicate that the switching in
amorphous Cr:V2O3 can be understood as a process in a filament
crystallized during a forming step. The mechanism is very likely
the same thermal runaway effect as in fully crystalline nanode-
vices, as it can be very well described by the same model and
shares key properties such as the high stability of the threshold
voltage or the decrease in the width of the NDR region with tem-
perature. Therefore, in principle, a high-temperature deposition
step can be avoided. The requirement for a forming step, how-
ever, leads to a significant variability between devices. Further
work is needed to reduce this by improving the current
compliance during forming. Potentially, an integrated series
resistor close to the cell could aid in stabilizing the behavior.

Regarding the influence of the materials properties,
chromium doping is clearly much more significant than oxygen
stoichiometry. This is interesting, as the stoichiometry is
believed to be very important in crystalline V2O3. A trade-off
is found between the threshold voltage, which increases with

doping, and the leakage current, which is reduced. For practical
applications, the devices must be integrated with other CMOS-
based electronics. Because the operating voltages in modern
CMOS nodes are very low (<1 V),[40] the 5 %-doped material
should be chosen, due to the lower threshold voltage. This is
especially true if they are used as selector devices in a ReRAM
crossbar array, where an additional voltage drop over the memory
cell must be considered. Doping concentrations significantly
below 5% should be avoided due to excessive leakage currents.
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