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A number of important commercial applications would benefit from the introduction of easily

manufactured devices that exhibit current-controlled, or “S-type,” negative differential resistance

(NDR). A leading example is emerging non-volatile memory based on crossbar array architectures.

Due to the inherently linear current vs. voltage characteristics of candidate non-volatile memristor

memory elements, individual memory cells in these crossbar arrays can be addressed only if a

highly non-linear circuit element, termed a “selector,” is incorporated in the cell. Selectors based

on a layer of niobium oxide sandwiched between two electrodes have been investigated by a num-

ber of groups because the NDR they exhibit provides a promisingly large non-linearity. We have

developed a highly accurate compact dynamical model for their electrical conduction that shows

that the NDR in these devices results from a thermal feedback mechanism. A series of electrother-

mal measurements and numerical simulations corroborate this model. These results reveal that the

leakage currents can be minimized by thermally isolating the selector or by incorporating materials

with larger activation energies for electron motion. VC 2016 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4939913]

Devices exhibiting negative differential resistance

(NDR) can be classified into two categories: current-

controlled (CC-NDR), or S-type, and voltage-controlled

(VC-NDR), or N-type. Circuit elements exhibiting N-type

NDR are available in the form of Esaki diodes,1,2 Gunn

diodes, impact ionization avalanche transit time (or

IMPATT) diodes, tunnel injection transit time or TUNNETT

diodes, and resonant tunnel diodes (RTD). On the other

hand, although S-type NDR has been observed in structures

exhibiting interband tunneling,3,4 threshold switching,5–7

electronic instabilities,8,9 insulator-metal transitions in metal

oxides,10–20 and as a precursor to memristive on-switch-

ing,21–23 S-type discrete or integrated circuit components are

not readily available.

The advent of easily fabricated S-type NDR devices would

be of great commercial interest both as a circuit element in

existing technologies and as an enabler of emerging technolo-

gies. A prime example of the latter is resistance-based memory

technologies that utilize memristive, phase-change, conductive

bridge, or spin-torque memory elements24 in crossbar array

architectures. These technologies are under intense develop-

ment due to their potential for providing fast, low-power, non-

volatile random-access memory (NV-RAM). Such memory

would revolutionize computer architectures by facilitating the

consolidation of memory and storage, ultimately replacing

hard drives, Flash, and conventional DRAM in both memory

and storage roles. One of the prime impediments to utilization

of these emerging NV-RAM technologies is that they store in-

formation in the form of resistances that depend only weakly

on voltage. Consequently, when used in crossbar arrays, these

memory elements must be paired with a highly non-linear two-

terminal circuit element that passes current when the full volt-

age is applied across an addressed memory cell but sharply

limits the current leaking through partially biased memory cells

in the array.25 Without such a “selector,” reading and writing

individual linear memory elements in a large array are not pos-

sible. The extremely non-linear current-voltage characteristics

of NDR devices are ideal for this role. Note that conventional

diode technologies do not meet all the requirements of a selec-

tor, which include small size, low temperature CMOS-

compatible back-end-of-line manufacture, high current density

operation, and, in most cases, bipolar operation. We describe

here an easily manufactured, bipolar, room temperature S-type

NDR circuit element that fulfills the needs of a crossbar mem-

ory selector. These devices rely on the fact that any electrical

conduction mechanism whose conductivity depends strongly

enough on temperature can, in principle, exhibit NDR due to

Joule self-heating at sufficiently large biases and currents.26 In

practice, NDR is only observed for a limited set of conduction

mechanisms where the onset of NDR occurs at temperatures

and fields low enough for the device’s materials to survive.

This paper is focused on an instantiation of a Joule-heating

based S-type NDR selector based on niobium oxide (NbOx).

Figure 1 shows a cross-sectional transmission electron

microscope (TEM) image of one of these selectors. To create

these devices, planarized substrates were prepared that

included TiN nanovias through a dielectric bilayer of SiO2

and Si3N4. These nanovias range from 32 nm to 2 lm across

and are connected at the bottom to a common tungsten elec-

trode. Blanket films of NbOx, TiN, Pt, and Cr were deposited

on top of these substrates after removing the native oxide

from the exposed surface of the TiN nanovias. The NbOx
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was created by reactively sputtering Nb in different partial

pressures of oxygen to create samples with values of x near

either 2 or 2.5 as determined from x-ray photoelectron spec-

troscopy measurements. TEM-based electron diffraction

shows that the NbOx films were amorphous as deposited.

The Cr was included as a hard etch mask for photolitho-

graphically patterning top Pt contacts above each nanovia,

which enabled individual testing of the resulting isolated

selectors.

After an initial electrical forming process, stable NDR is

observed in the devices with starting Nb to O ratios near 2:5

(“a-Nb2O5”), but not in those that start with a 1:2 ratio (“a-

NbO2”). The initially oxygen rich samples are formed by

applying slow (�1 s) logarithmic current ramps with succes-

sively greater amplitude using a Keysight B1500 Parameter

Analyzer. Depending upon the a-Nb2O5 layer thickness, the

forming proceeds in one of two ways. For thinner devices,

the conductivity increases and a region of NDR appears in

their voltage vs. current characteristics (V-I) at higher cur-

rents (type I forming). The conductivity of thicker devices

also increases initially but then abruptly decreases, again

resulting in NDR at higher currents (type II forming, see sup-

plementary Figure S1 for representative progression of V-I

curves for both forming types).50 In both cases, the process

is stopped when increasing the amplitude of the current

sweep no longer changes the V-I curves. The sweep currents

required to reach a stable state and the resulting low bias

conductance both scale with the area of the bottom contact

for both types of forming, suggesting that the entire region

above the contact is formed. The nature of these forming

processes will be described in detail in a future publication.

Briefly, TEM-based electron energy-loss spectroscopy com-

position maps and electron diffraction measurements on

cross-sections of the formed selectors reveal that the a-

Nb2O5 is reduced by reaction with the TiN electrodes during

both type I and type II forming processes. For type II devi-

ces, this reduction is followed by crystallization into the tet-

ragonal NbO2 structure, which impedes further reduction.

Films with a starting composition near a-NbO2 on the other

hand are rapidly reduced, before crystallization can occur, to

a composition that is too close to metallic to exhibit NDR.

Empirically, selectors with the thickest tested a-Nb2O5 layers

(42 nm) usually underwent type II forming, although a meta-

stable type I state could sometimes be achieved through care-

ful control of the maximum applied current. Stabilizing a

partially reduced type I state became easier for thinner films,

with the thinnest tested layers (8 nm) always exhibiting only

type I forming (see supplementary material for further dis-

cussion of the electrical forming process).50

A number of groups have investigated the strong NDR

exhibited by NbO2 layers sandwiched between two, typi-

cally Pt, electrodes.27–32 This NDR is frequently attributed

to the insulator-metal transition (IMT) that occurs at 1080 K

in crystalline NbO2.33 However, we observe NDR in NbOx

films that are amorphous and have Nb to O ratios other than

1:2. The NDR in these devices actually results from run-

away Joule self-heating governed by a bulk electrical con-

duction mechanism in the NbOx that is well-described by a

modified three-dimensional Poole-Frenkel (3DmodPF)

expression. This has important implications for improving

the performance of selectors based on this principal. It pro-

vides, for example, guidance on how to lower their leakage

current and tune their threshold voltage. It also provides

insight into the dynamical thermal and electrical interac-

tions between these selectors and their adjacent memory

element, which strongly impact the writing and reading

processes.

The standard expression for Poole-Frenkel conduction34

assumes carriers hop in just one dimension. Hartke35 devel-

oped a more realistic three-dimensional treatment which

Young36 modified to include the effects of traps and donors

in a fashion first applied to the one dimensional expression

by earlier groups.37–39 We will use the following for the cur-

rent density in NbOx:

j F; Tð Þ ¼ rF ¼ r0 Tð Þ kBT

b

� �2

1þ b
ffiffiffi
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akBT
� 1

 !
e
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ffiffi
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akBT
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r0 Tð Þ ¼ elNc
Nd

Nt

� �2

e
�EdþEt

2kBT :

Here, b ¼ q3

pe0�i

� �1
2

, F¼ electric field, kB¼Boltzmann’s con-

stant, l¼ electron mobility, Nd and Nt are the volume den-

sities of donors and traps, respectively, and Ed and Et are the

corresponding energies. Nc is the effective density of states

in the conduction band, and �i is the high frequency dielectric

constant. Equation (1) is modified from Young’s by includ-

ing the quantity a in the prefactor for the exponential term

and by retaining terms important at low field. These correc-

tions ensure the predicted current density goes to zero at zero

field. The quantity a is unity for standard Poole-Frenkel con-

duction and two in the modified process. Note that in the lat-

ter case the factor b/a mimics the value of b that scales the

energy barrier lowering term in the standard expression for

Schottky emission.40 This fact is often used to explain what

is referred to as anomalous Poole-Frenkel conduction, i.e.,

FIG. 1. Bright field cross-sectional TEM image of representative NbOx se-

lector. Active area of NbOx is assumed to be at a uniform temperature TN

that is higher than the surrounding ambient temperature, Tamb, due to Joule

heating. This heated region is thermally connected to Tamb through the effec-

tive thermal resistance, Rth, and thermal capacitance, Cth, of the surrounding

device structures.
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bulk conduction that has the exponential dependence on

electric field and temperature expected for interface-limited

Schottky emission.

The electrical conductance described by Eq. (1) grows

rapidly with increasing temperature. Consequently, as the

current driven through the NbOx increases the resulting

Joule-heating induced temperature rise leads to increased

conductivity and, therefore, greater power dissipation. This

produces further increases in temperature. At a critical cur-

rent, this positive feedback results in NDR. A simple but

accurate compact model for this behavior is obtained by

assuming the temperature, TN, of the active region of the

NbOx is uniform and described by

Cth
dTN

dt
¼ Tamb � TN

Rth
þ IV: (2)

Here, Rth is the effective thermal impedance between the

current-carrying portion of the NbOx and the surrounding

ambient environment. Similarly, Cth is the effective thermal

capacitance of the active region. This is illustrated by an

equivalent thermal circuit in Fig. 1. In this model, the NbOx

can be viewed as a locally active memristor41,42 with the

temperature TN as the dynamical state variable. Eqs. (1) and

(2) serve, respectively, as the instantaneous conduction and

dynamical state equations in this formalism. In the static

limit, Eq. (2) becomes TN¼TambþRthIV. This expression

can be substituted for T in Eq. (1) to obtain a transcendental

equation for the current as a function of voltage that is read-

ily solved numerically. Alexandrov43 used a similar quasi-

static approach to describe the NDR that occurs during the

electrical forming process in TiO2 memristors, with the elec-

trical conduction attributed to small polaron conduction for

that material.

We have used Eqs. (1) and (2) to simultaneously fit sets

of quasistatic V-I curves taken over a range of ambient tem-

peratures for type I and type II formed devices with a variety

of NbOx layer thicknesses and bottom electrode diameters.

Representative results for a 52 nm diameter device with an

8 nm thick NbOx film that underwent type I forming are dis-

played in Figure 2(a) for temperatures between 275 and

450 K. These data were taken using an MMR Technologies

Variable Temperature Microprobe System.44 Our compact

model accurately matches the data. The fitting parameters

were determined by first plotting the natural logarithm of the

measured low bias conductivity as a function of 1/T as indi-

cated in Figure 2(b). The slope and intercept of this

Arrhenius plot yield the energy E � (EdþEt)/2 and prefac-

tor rp � elNc
Nd

Nt

� �2

because in the low field limit Eq. (1)

implies

rlow Tð Þ ¼ a2 þ 1

2a2
r0 Tð Þ ¼ rp

a2 þ 1

2a2

� �
e�

E
kBT:

In all cases, we assumed a¼ 2. The full V-I curves were then

matched at all the measured ambient temperatures by choos-

ing a single temperature-independent value for each of two

parameters: Rth¼ 1.27 � 106 K/W and �i¼ 22. Similar

temperature-dependent sets of V-I curves for devices with

diameters between 32 and 165 and NbOx thicknesses from 8

to 42 nm were modeled with comparably close agreement

between theory and data (see supplementary Figure S2).50

The values determined for the activation energy E ranged

from 0.15 to 0.24 eV. In all cases, a value of �i¼ 22 worked

well, implying an index of refraction at frequencies near the

visible of ni ¼
ffiffiffiffi
�i
p � 4:7. This is in reasonable agreement

with ellipsometric measurements on NbOx films with com-

positions close to NbO2, which yield values for ni between

2.3 and 2.9 at 633 nm. Note that the dielectric constant used

in Eq. (1) should be specified at frequencies relevant to

charge carrier motion and may differ somewhat from that

observed at optical frequencies. Note, too, that if a were

assumed to be 1 rather than 2 the ni value derived from the

V-I fits would be a few times higher, which is physically

unrealistic and evidence that a¼ 2 is the correct choice for

our 3DmodPF model.

To check the validity of the Rth values determined from

fitting T-dependent V-I curves for devices with varying

physical dimensions, we numerically simulated45 our selec-

tors using their exact geometry and literature values for their

constituent materials’ thermal properties. An effective Rth

was estimated from the ratio of the average steady-state tem-

perature gain to the heat dissipated in the active volume of

the NbOx. Both the magnitude of the simulated Rth values

and their dependence on NbOx thickness and device diame-

ter agree well with the trends observed in the values obtained

by fitting the V-I data for devices with 5 different geometries

(Figure 3).

These results strongly support our 3DmodPF-based

model for the electrical conduction in these selectors. We

attempted to fit our electrothermal data to a variety of other

models but none describe the conduction over the studied

range of electric fields, ambient temperatures, and NbOx

layer thicknesses as accurately. In particular, the electric

field dependence of other bulk conduction mechanisms,

including small polaron transport and alternative hopping

models, does not match the data. Interface-controlled con-

duction in the form of Schottky emission gives reasonable

fits at higher biases but only when assuming an anomalously

large �i. In the low bias ohmic regime, the conduction varies

inversely with NbOx thickness, consistent with bulk-

FIG. 2. (a) Measured (solid) and calcu-

lated (dashed) V-I curves for TiN/

NbOx/TiN selector with 52 nm diame-

ter bottom electrode and 8 nm thick

NbOx layer for Tamb¼ 275–450 K. (b)

Arrhenius plot of the conductance

measured at biases low enough for it to

be ohmic.
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dominated conduction. The Schottky emission model, how-

ever, predicts a low bias conductance independent of thick-

ness. To verify the lack of interfacial impedance, we tested

samples where the top TiN electrode was replaced with nio-

bium nitride (NbN). The V-I curves for these devices showed

no polarity dependence despite the expectation that the NbN

top electrode’s work function46 is somewhat larger than that

of the bottom TiN electrode,47 although the symmetry can

conceivably be explained by interfacial Fermi level pinning.

Interestingly, the correlation between the energy and the

conductivity prefactor determined from the 3DmodPF fits of

the V-I data is consistent with the Meyer-Neldel48 behavior

often observed in bulk transport through disordered materials

at low fields. Namely, there is a relationship of the form

rp ¼ r00 exp E
kBTMN

� �
for devices with different NbOx thick-

nesses, compositions, and state of crystallization (see supple-

mentary Figure S3).50 The quantity TMN is typically

described as the isokinetic temperature for which the hop-

ping kinetics are independent of the barrier energy E. Fits of

a limited number of samples suggest that TMN is� 536 K for

type I amorphous samples and �368 K for type II crystalline

NbO2 samples, although more samples are required to verify

these numbers. Similarly, r00� 3240 and �245 S/m for type

I and type II, respectively. The TMN values are similar to

those obtained for some amorphous and nanocrystalline

chalcogenides.49

Our model guides engineering of the properties of devi-

ces that rely on Joule heating from highly non-linear conduc-

tion mechanisms to produce NDR. For selectors based on

3DmodPF conduction, it shows that the NDR onset is shifted

to lower currents by increasing either the thermal isolation

Rth or activation energy E. This is important in minimizing

the leakage current through selectors used in large crossbar

memory applications. Similarly, the NDR threshold voltage

is increased (decreased) by increasing (decreasing) either E
or the NbOx thickness. As an example, our model predicts

the leakage current through a 15 nm thick NbOx layer, at half

the NDR threshold voltage, can be decreased four fold while

maintaining the same threshold voltage if Rth is increased by

a factor of 2.5 and the NbOx is made 10 nm thicker. Even

greater reductions are possible if more oxygen rich NbOx

compositions or alternative materials with larger hopping

energies can be stabilized (e.g., by using inert electrodes or a

thin oxygen diffusion barrier).

In summary, we have shown that NDR observed in

NbOx is due to self-heating via a bulk conduction mecha-

nism that is well described by three-dimensional Poole-

Frenkel conduction modified by the presence of donors and

traps. More generally, NDR can result from any conduction

mechanism with a temperature and electric field dependence

such that thermal runaway occurs at sustainable fields and

temperatures. This presents additional options for creating S-

type NDR devices for applications such as selectors in

emerging non-volatile crossbar memory arrays. For instance,

employing interface-limited conduction mechanisms such as

Schottky emission allows tailoring of the characteristic acti-

vation energy, in this case the Schottky barrier height, over a

broad range (see supplementary material for the equations

governing NDR based on a self-heating Schottky emitter).50

Another advantage of self-heating based NDR is that it can

occur at relatively low internal temperatures. Using the fitted

value of Rth, we estimate the temperature at the NDR onset

to be 380–400 K in our NbOx selectors, far lower than the

1080 K transition temperature of the IMT. This relatively

low operating temperature affords power and durability

advantages.
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