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Abstract

We fabricate NbOs thin films and measure their transport properties in simple devices. These
could be potential components of future memristor devices because of peculiar conductivity varia-
tions observed as a function of device current. We find that threshold switching effects observed
in the voltage control regime are better viewed in the current controlled regime where they can be
understood in terms of a negative differential resistance phenomenon. No electronic or structural
phase change is observed in the NbOg thin films in this regime in the steady state, notably with
in-situ Raman measurements. In particular, both crystalline and amorphous films remain insulat-
ing since their resistance always decreases with increase in temperature. However, a large decrease
in resistivity corresponding to negative differential resistance is observed as current in the devices
increases. Temperature is the parameter which induces this change in resistivity through thermal
activation of carriers, confirming recent understanding of the phenomenon. Temperature changes
are locally induced because of power dissipated by the current in the device and the intrinsically
low thermal conductivity of NbOs. This is confirmed by parameters extracted from simulation
of the phenomenon with different transport models. However, the simplest thermal activation
model accounts for the observations in non-nanometric devices without the need for invoking
more complex models. Finally, pulsed current can be used to provoke a structural, amorphous

to crystalline phase transition in amorphous samples through sudden local increase in temperature.
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INTRODUCTION

Threshold switching in niobium oxides, in which the current abruptly increases at an on-
set voltage, has been reported as early as the 1960’s [1]. This phenomenon has been observed
not only in stoichiometric NbOs [2], but also in metal-rich nonstoichiometric phases of NbOy
[3-5]. However, different studies attribute this switching to different origins and to different
underlying physical concepts behind the threshold switching mechanism. These include a
thermally driven metal insulator transition originating in Joule heating [6-8], modifications
in the electronic structure by an applied electric field [2, 9, 10], and more recently, current
and temperature controlled negative differential resistance [11].

Most studies have concentrated on a measurement geometry that can be directly incorpo-
rated in devices. This often implies a thin layer film of NbOy (typically few tens of nm),
probed vertically across its thickness, with the device area limited laterally by the size of
one of the contacts which can also be typically a few tens of nm. This means a very small
NbOs volume in the device [11, 12]. Wang et al. [13] fabricated Nb/NbOy/TiN sandwich
vertical devices and studied the response of NbOy to an applied electric field. They report
unipolar threshold switching characteristics with repeatability up to hundreds of cycles and
thermal stability up to 150°C. They suggested that hopping conduction was the dominant
conduction process in the NbO, insulating state and a metal insulator transition occurred
which was not thermally driven but due to changes in the electronic structure. Kumar et
al. [11] also fabricated vertical NbOy sandwich devices. They studied the response of NbO,
under the application of current and identified two domains where NbO, exhibits negative
differential resistance (NDR), one at around 400K caused by Joule-heating-driven thermal
runaway and the other at around 1000 K which is a hysteretic, temperature controlled metal

insulator transition.

In this work we focus on questions concerning these phenomena in NbO,. The role of
the electric field, current and temperature in provoking these phenomena is studied as well
as the eventual occurrence of structural changes or phase transitions which we investigate

with in-situ Raman measurements.



MATERIALS AND METHODS

Unlike most NbOy or NbO, devices which are used in such studies where a thin film
is sandwiched between two conducting contacts, at least one of which is nanometric in
size, (Pt/TiN/NbOy /W [14], Pt/NbOy /Pt [15], Nb/NbOy /TiN [9]) our thin films were
deposited on an n-doped 280 um thick silicon substrate Si < 100 > , or on a 500 um
thick soda-lime glass substrate [16]. The Si substrate acts as the bottom electrode and
50 nm of gold is deposited on the NbO, film as a top electrode. The as-deposited films are
amorphous and can be transformed to the poly-crystalline form by annealing in vacuum (
109 mbar < p < 1075 mbar) for 4 hrs at 600°C (here) or at a higher temperature. Figure 1
(a)and (b) show X-Ray diffraction and Raman spectra from a 130 nm thick poly-crystalline
film on the Si substrate showing that it is single phase NbO, [13]. A 10x (or 50x) objective
was used to focus a 532 nm wavelength laser beam into a 1 um ( or 0.7 um) diameter spot
on the sample with an incident power of 0.25 mW. The size of the micro-Raman incident
beam makes it possible to precisely aim at the region between the contacts. For each Raman
measurement at a given (I,V) couple, the current was gradually increased from zero to I and
the corresponding steady state voltage V was obtained. The Raman measurement was then
performed, the current was reduced to zero and the system was allowed to stabilize back
to room temperature before the next (I,V) measurement. Thus there is no possibility of
cumulative laser heating in the measurements. During a given Raman measurement no shift
in the Raman peak of Si was observed and the minimal power of the incident beam ensures
the absence of heating. The power dissipated per unit surface by the laser beam is of the
order of a 100 uW/um?, much less than that due to the current. The films were contacted
for transport measurements as explained below. In-situ Raman measurements were made
with an Xplora micro-Raman spectrometer through the optical window of a cryostat. The
sample was mounted in the cryostat and electrical measurements were made in vacuum with

the simultaneous possibilities of Raman measurements and of heating the sample to 400 K.

The I-V curves were measured along the vertical direction in the thin film on the Si
substrate, between a contact on the sample surface and the substrate (Figure 1 (c¢)). We note
two principal features. Firstly we observe asymmetric-diode like characteristics depending on
the polarity. In a ‘forward-bias’ regime, the device conducts, in a ‘reverse-bias’ regime it does

not conduct until a threshold voltage is reached. This diode-like behavior is a consequence
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FIG. 1. Characterisation of NbOs thin films. a) X-ray diffraction spectrum of a 130 nm thick poly-
crystalline thin film on Si substrate. b) Raman spectrum of the same thin film ¢) I-V characteristics

in a vertical geometry.

of the semiconductor-semiconductor Si-NbO, interface. The ‘reverse-bias’ regime, which is
the one probed in all earlier work with a metal-NbO, interface contains the switching region
which is often identified with a threshold voltage. One immediate conclusion is that this

threshold voltage does not correspond to a Zener-like regime since it depends on the history
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of the I-V cycle, (Vin, # Vin,, Figure 1 (c)). From systematic studies, we conclude that
the threshold voltage is also dependent on contact geometry and shifts to lower voltages as
the temperature increases and most importantly it is instrument related, depending on the
compliance value of the current in voltage dependent measurements. This is easily resolved
by making the measurements with a current source. Also, to avoid asymmetric diode-
like behavior in the vertical measurements where one contact is NbOy/Au and the other
is NbOy/Si, we switch to lateral measurements between two gold contacts on the sample
surface (Figure 2). Three samples were used in the following experiments, both amorphous
and poly-crystalline NbO, thin film on Si < 100 > substrates and a poly-crystalline NbO,
thin film on soda lime glass substrate. As shown in Figure 2 (b), contacts on the surface of
these samples were either extended and obtained by gold evaporation using a stencil mask
(Si substrates) or point contacts obtained by wire bonding 25 micron thick wire directly on

the sample surface (glass substrate).

In Figure 2 (a), the measurements in lateral geometry between two contacts on the sam-
ple surface for thin films on both glass and Si substrates are shown only for the positive
[-V quadrant as they no more exhibit the assymetric diode-like behavior seen earlier in the
vertical geometry on the thin films on Si substrates. Furthermore, the current dependent
measurements do not show an artificial threshold behavior, but clearly exhibit a negative
differential resistance regime of the S-type. Note that the measurements have been sym-
metrised with respect to current direction to correct for deviations due to sample and contact
geometry. The current is two orders of magnitude higher for the thin film on the Si substrate
(left panel) with respect to the one on the glass substrate (right panel). Simulations taking
into account the resistivity of NbOs (amorphous or poly-crystalline) with respect to both
glass and Si show that in the case of the glass substrate, the current resides essentially in
the NbO, film, between the two point contacts. In the case of the Si substrate the current
penetrates the NbO, film vertically from the extended contacts to the Si substrate and then
flows laterally between the two contacts, in the substrate. As shown schematically in Figure
2 (c), the current is much higher in the samples on the Si substrate because of the extended
contacts but probably very similar in terms of current density, given the similar behavior for
the negative differential resistance. We also investigate the occurrence of the clear hysterisis
in our measurements in which the current is swept and the corresponding voltage measured.

Some earlier works also find hysterisis in the I-V characteristics [9, 12] while it has not been
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FIG. 2. Current controlled measurements in lateral geometry (a) Characteristics of poly-crystalline
thin films on Si (left) and glass (right) substrates. In the left panel, the solid black line represents
the measured hysteretic cycle with the automated "fast’ measurement. The solid blue line represents
the average over the cycle. The black dots show the steady state voltage obtained after waiting
for several minutes with the current fixed at certain values. The inset shows the relaxation of the
voltage during the interruption at 5 mA during the forward sweep (black) and the backward sweep
(red). The current flowing through the sample on the Si substrate (left) is two orders of magnitude
larger than the current flowing through the sample on the glass substrate (right). (b) Pictures
of lateral contact geometry for samples on silicon substrate (left) and glass substrate (right). (c)

Schematics of the current flow through the corresponding devices.

observed in measurements of NbOs; nanometric devices. It was found by stopping the cur-
rent sweep at fixed values that the corresponding voltage varied as a function of time before
attaining a steady state value in a few minutes (Figure 2 (a)). The steady state curve is
nicely approximated by the average of the hysteretic I-V measurement as shown by the few

directly measured steady state values which fall on the average curve. The reason for the
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FIG. 3. Effect of temperature on the V(I) curves of a) crystalline and b) amorphous NbOs films on
Si substrates. For both samples as the temperature increases the low current resistance decreases
as well as the negative differential resistance effect. In the amorphous sample the differential
resistance vanishes at 400 K. Raman spectrum of a) crystalline and b) amorphous NbO; films on
Si substrates at diffrent values of the current. No variation is observed except for a small expected

red-shift of the peaks due to temperature variation.

hysteresis is assumed to be the time required to attain thermal equilibrium in the effective
sample volume after Joule heating, a hypothesis which is reinforced by diminishing hystere-
sis if the whole sample is progressively heated from outside. In the following we discuss such

averaged, symmetrised I-V curves in the current-control regime for the different samples.

RESULTS AND DISCUSSION

Since heat dissipated by current flow in the sample causes changes in the sample conduc-
tivity, one would like to know how NDR is influenced by increasing the sample temperature.
To investigate this we measure the NDR curves for both the amorphous and crystalline films
on Si substrates. The amorphous film has lower resistivity than the poly-crystalline film.
For both samples, as the temperature increases from 285 K to 400 K, resistance decreases
at low current as shown in Figure 3 (a) and (b). A similar behavior is found in the current

controlled negative differential resistance of CosFeO3BO3 and Fe30,BO3 [17].
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In Figure 3 (b), for the amorphous sample, we see that the NDR part of the curve
progressively disappears and that at 400 K the relation between V and I is linear with a
constant ohmic resistance. The poly-crystalline sample in Figure 3 (a) shows the same trend,
but 400 K (the maximum temperature attained in our measuring system) is not enough to
get rid of the NDR regime. However, one can estimate by comparison with the amorphous
sample that a temperature between 500 and 600 K should suffice to suppress the NDR regime
in this sample. To investigate the eventual involvement of a phase transition in the observed
NDR behavior we measured Raman spectra of both samples as a function of temperature
and at different points of the NDR cycle, with the micro Raman beam focussed between
the contacts of the device. Figure 3 (c¢) and (d) show the Raman spectra measured in-situ
at the steady state value of the indicated current for the polycrystalline and the amorphous
samples respectively. No change in the Raman spectra are observed except those related
to the expected small red-shift in Raman frequencies as temperature increases. The sharp
peak at 520 cm~! is from the Si substrate and its red-shift with increasing temperature
can be used to estimate the sample temperature as will be shown below. We conclude that
temperature induced conductivity change is the key phenomenon for the comprehension of

NDR in NbO,y and that no phase or structural transition is involved.

Threshold switching and commutation between two states or phases are often dynamic
phenomena where energy deposited in a short time could generate phase transitions. We
subjected our devices to current pulses to eventually observe such changes through Raman
spectroscopy. Current pulses with an amplitude of 100 mA pulses and a period of 10 ms (see
right inset of Figure 4) were applied to devices of both crystalline and amorphous samples.
On the crystalline sample no changes were observed optically or in the Raman spectra after
50 pulses. On the other hand after a sequence of 10 pulses the amorphous sample showed
a visual change corresponding to the current path. The left inset of Figure 4 shows the
central device area of an amorphous sample after pulsing. Tracks a few microns wide appear
between different sets of contacts where the pulsed current is passed. Raman spectra before
pulsing and in the non-contrasted region after pulsing correspond to amorphous NbO,. The
appearance of characteristic NbO, Raman peaks in the region of the current tracks (Figure
4) after pulsing indicates crystallization of NbO, through local heating to at least 550 °C. It
also validates the use of micro-Raman spectroscopy in the steady state NDR regime where

no phase changes were found.
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FIG. 4. Crystallization of an amorphous thin film after passing of pulsed current. The right inset
shows the pulse structure. The left inset shows the central device area after pulsing. The contacts
suffer damage due to pulsing and have been outlined for clarity. Tracks (indicated by a red arrow)
a few microns wide appear between different sets of contacts where the pulsed current is passed.
Raman spectra before pulsing or in the non-contrasted region after pulsing (black line), correspond
to amorphous NbOy. The appearance of characteristic NbOg Raman peaks for spectra taken in

the region of the current tracks after pulsing (red line) indicates heat induced crystallization.

The increase of the current in a sample means that the dissipated power increases causing
an increase in temperature. This increase in the temperature generates charge carriers
causing NDR. The increase in conductivity with temperature for a semiconducting material

can be simply written using thermal activation across a characteristic activation energy as:

E,
0 = 0gexp T (1)

where o is the extrapolated zero temperature conductivity, F, is the activation energy

and kg is the Boltzmann constant.

In a nanometric sized device, the electric field can be substantial because of the nanomet-
ric distances over which the potential is applied. In this case, when one takes the electric field

effect on the conduction mechanism into account, the Poole-Frenkel conduction mechanism



modifies the conductivity as below [18, 19]:

> ovexp (—Ea + q\/_qE/(W6)>

kgT

(2)

where E is the applied electric field, ¢ is the elementary charge, and € = €y¢; is the high

frequency permittivity.

While the original Poole-Frenkel model is one-dimensional, a 3D version has been derived

as below [20, 21]:

__Ea
o = ope kBT

kgT i q\/qE/(me) 2/aB/(re)
+<q qE/(we)) <1+< aksT ‘1)6 ’ ) (3)

The parameter a in the Poole-Frenkel exponential term is equal to 1 in the standard

N | —

Poole-Frenkel and 2 in the ‘modified” Schottky version. This equation has been used first
in [22] with a = 2, and later in [11] with a = 1.

In all the above models, the dynamic equation for the temperature (which is the state

variable) is Newton’s law of cooling:

AT LV T =T @
dt Cth Ctthh(T)

where Ty, is the ambient temperature, C;, and Ry, are the effective thermal capacitance

and thermal resistance respectively. In the static limit where ‘é—f = 0 equation (4) becomes
T =Ty, + Ry, IV, The static limit is justified in our case as we are fitting the static non-

hysteretic curves.

We chose the data from the polycrystalline film on the glass substrate for fitting with
the models discussed above (thermal activation, standard Poole-Frenkel, modified Poole-
Frenkel with @ =1 or 2). Figure 5 (a) shows the measured V(I) and the best fits with
the various models. Figure 5(b) shows the resulting local temperature extracted. This can
be compared with the measured temperature (using the Si Raman peak) shown in 5(c),
with a fit corresponding to the dynamic equation for the temperature given by Newton’s

law of cooling. The calibration of the temperature with the Si peak red-shift is from an
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Physical quantity Symbol Value Unit

Activation energy E, 0.269 eV
Effective length d 40 wm
Cross-section area A 1.32 x 107 m?
High frequency dielectric constant e, 45 [23]
Conductivity constant o 12100* S.am~!
Thermal resistance Ry, 1.6 x 104 Kw-!

TABLE 1. List of parameters used in the conduction models for fitting the experimental V(I)
curve. *The fitting parameter og for the Poole-Frenkel model with a = 2 is multiplied by a factor

of 8/5[22).

earlier measurement. The measured temperature is lower than the one estimated by fitting
the thermal activation model to our data because of the temperature difference between
the active volume of the sample and the Si substrate where it is measured. However, the
temperature variation with current is similar in both cases. The parameters thus estimated,
common to all models, are shown in table I. The effective thermal resistance, was found to be
Ry, ~ 1.6 x 10* KXW~ a value compatible with previous work [24], with a variation of about
3% between the different models, while the activation energy E, = 0.269 eV corresponds to
the value obtained from the low current conductivity measured as a function of temperature
[16].

All three models, as shown in Figure 5(a) give a very similar thermally induced variation
of conductivity with current. All three reproduce the general variation in the experimental

curve but show differences from it in the low current region.

The difference with respect to the experimental data in the low current region is probably
due to the extended geometry of our structure leading to non-uniformity of the current and
temperature in the effective NbOy volume. However, we find that the simpler thermal
activation model gives results equivalent to the more complicated Poole-Frenkel models.
This validates the correctness of the thermal activation phenomenon being at the root of the
observed behavior, coupled with very low thermal conductivity. More complex phenomena

(Poole Frenkel models) need to be invoked only when electric field effects are substantial
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FIG. 5. Fits of the data by various transport models. (a) Measured and fitted V' (I) (b) Temperature
variation as a function of current using Newton’s law of cooling in the static limit. (c) Temperature

variation as measured from the red-shift of the substrate Si Raman peak.

due to the nanometric size of devices.

In-situ Raman experiments at different regions of the NDR cycle and at different temper-
atures show that no electronic or structural phase change is observed in NbOy thin films in
the NDR mode. In particular, even in the NDR domain where large changes in the resistiv-
ity occur, both crystalline and amorphous samples remain insulating since their resistance
always decreases with increase in temperature. Eventual phase changes observed in litera-
ture may be due to the amorphous-crystalline change which occurs above 550°C. The metal
insulator transition which occurs at about 800°C is probably never observed in such devices.

Temperature is the parameter which induces this change in resistivity through thermal

activation of carriers. Temperature changes are locally induced because of power dissipated

12



by the current in the device and the intrinsically low thermal conductivity of NbOs.

CONCLUSIONS

NDR in NbOQs is caused by the variation of electrical conductivity by thermally generated
charge carriers in a feedback loop phenomenon where the power dissipated by the device
current determines local temperature. If the device is operated at a temperature where
thermally generated charge carriers are sufficiently numerous, no NDR is observed. For
amorphous NbO,, this temperature is as low as 400 K and presumable about 100 K higher
for crystalline NbOs.

NDR is found in both amorphous and crystalline NbOy devices. However, the electrical
conductivity of amorphous NbOsy is more than that of crystalline NbOs, which means that
the I-V range where NDR is found is different in each material. The amorphous-crystalline
transformation sets in above 550°C, while the Mott insulator-metal transition occurs at
about 800°C. These transitions are not involved in the NDR phenomena in our devices. No
phase transition, neither structural nor electronic and no irreversible phenomena could be

related to NDR in our samples investigated using in-situ Raman spectroscopy.

Since NDR involves sizable variations of electrical conductivity generated by temperature
change, it can be found in semiconductors or insulators where such sizable variation is possi-
ble through thermal energy. But for this to occur, considerable change in local temperature
has to be possible through Joule heating. This implies low thermal conductivity in the ma-
terial. Effectively, NbOy has a thermal conductivity which is two orders of magnitude lower

than that of silicon and the electronic contribution to this thermal conductivity is negligible.

We acknowledge Ricardo Lobo for discussions. This work was supported by French
state funds managed by the ANR within the Investissements d’Avenir programme under
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