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This study investigates the temperature dependence of current-controlled negative differential

resistance (CC-NDR) in Pt/NbOx/TiN devices and its effect on the dynamics of associated

Pearson-Anson relaxation oscillators. The voltage range over which CC-NDR is observed

decreases with increasing temperature such that no NDR is observed for temperatures above

�380K. Up to this temperature, relaxation oscillators exhibit voltage and temperature depen-

dent oscillation frequencies in the range of 1 to 13MHz. Significantly, the sensitivity of the fre-

quency to temperature changes was found to be voltage-dependent, ranging from 39.6 kHz/K at

a source voltage of 2 V to 110 kHz/K at a source voltage of 3 V, in the temperature range of

296–328K. Such a behaviour provides insights into temperature tolerance and tuning variability

for environmentally sensitive neuromorphic computing. Published by AIP Publishing.

https://doi.org/10.1063/1.4999373

Threshold switching in thin-film transition-metal-oxides

(e.g., VOx, NbOx, and TiOx) is of interest for neuromorphic

computing.1 This derives from the fact that simple two termi-

nal devices (metal-insulator-metal) exhibit current controlled

negative differential resistance (CC-NDR) and can be used to

fabricate a voltage controlled relaxation oscillator.1,2 When

appropriately coupled, such oscillators exhibit complex

nonlinear dynamics, including many of the characteristics of

biological neurons, such as threshold spiking and voltage

dependent frequency modulation. To fully exploit the capabil-

ities of these devices, it is necessary to understand their limi-

tations and dependencies.

Among the materials investigated, vanadium dioxide

(VO2) is the most well studied and exploited. However, the

CC-NDR in this material results from a Mott-Peierls transi-

tion at a temperature of 340K.3–6 This precludes its use in

many microelectronics applications, where the expectation is

that devices will operate at temperatures approaching 400K.

To address this limitation, recent interest has been focused

on NbOx which has demonstrated higher operating tempera-

tures.7,9 The threshold switching mechanism in NbOx is still

under debate.8–12

The temperature dependence of threshold switching

(CC-NDR) has been studied in VO2,
13 Ti4O7,

14 Ta2O5,
15 and

NbO2
7,9 systems. However, the temperature dependence of

self-oscillation in these transition-metal-oxides has received

far less attention. Kim et al.16 showed that the oscillation fre-

quency of planar VO2 two terminal devices increased with

increasing temperature but provided little insight into the

effect of temperature on frequency tuning (increase in fre-

quency with applied voltage) or the frequency range. In this

study, we report on the temperature dependence of CC-NDR

in Pt/NbOx/TiN devices and its effect on the dynamics of a

Pearson-Anson relaxation oscillator based on these devices.

Test devices consisted of Pt/NbOx/TiN capacitor struc-

tures, fabricated on oxidized (100) silicon wafers by succes-

sive layer deposition, as depicted in Fig. 1(a). First, a 50 nm

thick layer of TiN was sputtered onto the wafer to form the

bottom electrode. This was followed by a �50 nm thick layer

of the NbOx layer deposited by dc reactive-sputter deposition

using an Nb target and an O2/Ar ambient. Finally, a 50 nm

thick Pt layer was deposited through a shadow mask by elec-

tron beam evaporation to define top contact pads with diame-

ters in the range of 100–200 lm.

The stoichiometry of the NbOx film was confirmed to be

near Nb2O5 (i.e., x¼ 2.5) by Heþ-ion Rutherford back scat-

tering spectrometry,17 and the amorphous nature of the film

was confirmed by electron diffraction patterns. The layer

thicknesses and structure were further confirmed by trans-

mission electron microscopy (TEM) of sample cross-

sections, as shown in Fig. 1(b).

Electrical characterization was performed using an

Agilent B1500A semiconductor parametric analyzer attached

to a Signatone probestation with a heating stage. DC current-

voltage (I–V) characteristics were determined by direct probing

of the top and bottom electrodes, and oscillation characteris-

tics were studied by adding a series resistor between the

voltage source and the top contact to form a simple Pearson-

Anson oscillator circuit, as shown in Fig. 2(a).

To initiate oscillation, a voltage pulse of 3 ls duration

was applied to the load resistor attached to the top electrode

of the device. Device current oscillations were measured by

employing a Tektronix TPS2024B digital oscilloscope to

monitor the voltage drop across the 50X monitor resistor.

Temperature dependent measurements were performed in

air. Some comparative studies were also performed on the

Pt/Nb2O5/Nb device structure (see supplementary material),

the details of which have been reported in our previous

a)S. K. Nandi and S. Li contributed equally to this work.
b)Email: sanjoy.nandi@anu.edu.au
c)Email: xinjun.liu@tju.edu.cn

0003-6951/2017/111(20)/202901/4/$30.00 Published by AIP Publishing.111, 202901-1

APPLIED PHYSICS LETTERS 111, 202901 (2017)

https://doi.org/10.1063/1.4999373
https://doi.org/10.1063/1.4999373
https://doi.org/10.1063/1.4999373
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-025746
mailto:sanjoy.nandi@anu.edu.au
mailto:xinjun.liu@tju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4999373&domain=pdf&date_stamp=2017-11-14


studies.18,19 Note that I–V characteristics were measured

with negative bias applied to the top electrode unless other-

wise stated.

The as-fabricated devices were in a high resistance state

and required an electroforming step to initiate a threshold-

switching response. This was achieved by applying a nega-

tive bias to the top Pt electrode and sweeping the bias volt-

age until a rapid increase in current was observed, using a

compliance limit of 4mA. This typically required voltages

of ��10V and resulted in a permanent reduction in the

low-voltage resistance of the device. Symmetric threshold

switching was observed immediately following the electro-

forming process, and after several switching cycles, the char-

acteristics were stable and reproducible, as shown the inset

in Fig. 1(c). There is some evidence that an active interlayer

forms at the reactive-metal/oxide interface during the initial

cycling and that this plays an important role in the switching

response.20–22

Figure 1(c) shows a current-controlled I–V sweep for

the device after stabilization. The region of CC-NDR is

bound by the threshold point P1 (VTh, ITh) and the hold point

P2 (VH, IH) and corresponds to a region in which the conduc-

tivity of the sample increases rapidly. For currents above the

hold-current, IH, the conductivity reaches a maximum and

the device exhibits near-Ohmic behaviour. The device there-

fore exhibits three distinct regimes as the current increases, a

pre-threshold regime, a negative differential regime, and a

saturation regime. For a device voltage of 1.05V, the effec-

tive resistances in these regimes are 3.8 kX, �436X,

andþ407X, respectively. The NDR response in NbOx is

believed to result from local Joule heating and an associated

change in conductivity due to Poole-Frenkel (P-F) conduc-

tion,10 a Mott insulator-metal transition (IMT),23 or other

mechanisms. As noted in the introduction, there is growing

consensus that P-F conduction can account for the NDR, but

there is also evidence that the process is more complicated.

For example, recent studies have demonstrated the existence

of two distinct NDR regions under high-current operation,

one attributed to P-F conduction and the other to a Mott

IMT.12 These observations suggest that further work is

required to fully understand the NDR response, but this is

beyond the scope of the present study.

Oscillator dynamics were studied using the Pearson-

Anson oscillator circuit shown schematically in Fig. 2(a) and

discussed previously for similar devices.19 The conditions

for stable oscillation were determined from load line analy-

sis,2 and Fig. 2(b) illustrates typical behavior as a function of

source voltages for a constant load resistance of 4.0 kX. The

corresponding VS-RL oscillation window and frequency are

shown in Fig. 2(c) for room temperature operation.24 From

FIG. 1. (a) Schematic of the device structure, (b) a TEM image of a sample

cross-section, confirming the Pt/NbOx/TiN device structure and (c) measured

I–V characteristics during current-controlled sweeps showing clear NDR

characteristics (the inset shows the symmetric voltage controlled threshold

switching). The NDR region forms the basis of the relaxation oscillator.

FIG. 2. (a) Schematic of the electrical circuit used to observe dynamics of

self-oscillations, where RD and CD represent the device resistance and

capacitance, respectively. (b) Measured oscillation waveform of the device

current (IDevice) in the 50X resistor for 3 ls source voltage (VS) pulses in the

range of 1.85 to 4.25V and a series resistor of 4 kX. (c) Oscillation window

defined by VS and RL with oscillation frequency depicted by shading. The

black squares are from load line analysis.
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load line analysis, it is found that the voltage window for sta-

ble oscillation ranges from VS;min to VS;max, where VS;min ¼
Vth þ ðRL þ50Þ Ith and VS;max ¼ Vh þ ðRL þ 50Þ Ih: For a

given load resistance, the oscillation frequency is observed to

increase from around 1.2 to 8.8MHz as the voltage is varied

from VS;min to VS;max. Since the voltage window increases with

increasing load resistance, the voltage-tuning sensitivity

decreases from 7.57MHz/V for RL equal to 2 kX to 1.77MHz/

V for RL equal to 8 kX.

Oscillations are maintained by the device switching

between high and low resistance states; switching from high-

to-low resistance effectively shorts the device and causes a

sudden reduction (increase) in device voltage (current), with

the load resistor acting as a voltage divider. The RC time

constant of the circuit is reduced due to the lower device

resistance, and the device voltage (current) decreases

(increases) rapidly. As the voltage drops below its hold

value, the device switches back to its high resistance state

and the voltage (current) increases (decreases) with the lon-

ger RC time constant associated with the higher device resis-

tance. When the voltage again exceeds the threshold value,

the device switches back to its low resistance state and the

process repeats. The asymmetric current-waveforms shown

in Fig. 2(b) reflect the different RC time-constants associated

with the high-to-low and low-to-high transitions, as well as

contributions from parasitic and device capacitances. These

contributions have been discussed in detail in Ref. 24.

Figure 3 shows measured I–V characteristics [Fig. 3(a)]

and corresponding threshold- and hold-voltages and currents

[Fig. 3(b)] as a function of device temperature. Both the

threshold and the hold voltages decrease with increasing

temperature, as does the difference between them. As a con-

sequence, the CC-NDR region decreases with increasing

temperature and is effectively eliminated for temperatures

above �378K.

The effect of these changes on the oscillation behaviour

was studied using the circuit in Fig. 2(a) with a load resis-

tance of 4 kX. The choice of load resistance is largely arbi-

trary as it is temperature independent, but it does determine

the voltage range over which oscillations are observed, as

shown in Fig. 2(c). Figure 4(a) shows the oscillator response

as a function of temperature for an applied bias of 2.4V.

This shows that the oscillation frequency increases and that

the oscillation amplitude decreases with increasing tempera-

ture. The reduction in amplitude is consistent with the

observed reduction in the threshold- and hold-voltages, and

the oscillation window can be determined from the CC-NDR

curves shown in Fig. 3(a) using load line analysis. In this fig-

ure, the points indicate the window-boundaries determined

from load-line analysis, and the color-coded data define the

region in which oscillations were directly measured.

The effect of temperature on the oscillation frequency is

shown color-coded in Fig. 4(b) and explicitly in Fig. 4(c).

For a fixed source voltage and load resistance, the frequency

is observed to increase with increasing temperature, as

expected from the change in the CC-NDR characteristics.

For example, by assuming that the oscillation frequency is

limited by the slower time constant of the low-to-high transi-

tion and that the monitor resistor can be ignored, the low-

frequency behavior has the following form:25

f ¼ R0CDln
ðaVs � VHÞ

aVs � VThð Þ

� ��1

; (1)

where R0 ¼ RDRL=ðRD þ RLÞ and a ¼ RD=ðRD þ RLÞ.
Since VTh decreases more rapidly with temperature than VH,

as shown in Fig. 3(b), the frequency is predicted to increase

with temperature. However, this simple analysis ignores the

temperature dependence of device resistance (RD) and capaci-

tance (CD) and therefore overestimates the temperature sensi-

tivity and does not account for the dynamics of the resistive

and capacitive device currents, as previously discussed.24

The data in Fig. 4 highlight the important functionality

of these relaxation oscillators, including the temperature

dependent oscillation frequency, the ability to program the

oscillator frequency, and its temperature coefficient using

the source voltage. The latter is evident from the data in Fig.

4(c), which shows an increasing frequency span as the volt-

age increases. For example, in the temperature range of

296� 328K, the temperature coefficient ranges from 39.6 kHz/

K at a source voltage of 2V to 110kHz/K at a source voltage

of 3V.

FIG. 3. (a) CC-NDR as a function of temperature; (b) absolute values of the

hold and threshold points (voltage and current) as a function of temperature.
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In summary, we have reported the temperature depen-

dence of the CC-NDR response in Pt/NbOx/TiN devices and

its effect on the dynamics of a Pearson-Anson relaxation

oscillator. These results highlight the voltage and tempera-

ture tunability of CC-NDR based relaxation oscillations and

provide the basis for devices with temperature dependent

functionality for environmentally sensitive neuromorphic

computing.

See supplementary material for oscillation properties of

the Pt/Nb2O5/Nb device structure.
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