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Abstract: Frequency tunable compact nano-oscillators
have attracted significant interest due to their small
footprint and low-power operation in emerging neuro-
morphic architectures where controlling phase or fre-
quency is essential. In this work we demonstrate both
oscillatory response and threshold switching in a chal-
cogenide-based material system — GeTeq. As a threshold
switch, this material shows a selectivity of > 10° with a
peak ON-state current density of > 2.5 MA/cm”. We use
the Van der Pol equation to identify the operating con-
ditions under which oscillatory behavior is seen as op-
posed to threshold switching. Specifically, by exploring
the role of ballast resistor and parallel capacitance, we
control the device dynamics, and in turn control the
performance metrics of the oscillator and the threshold
switch.

1. Introduction

Oscillators with a wide frequency tuning range have at-
tracted great interest due to their applicability in biomedical
applications [1] and emerging computing paradigms like
neuromorphic computing [2] and phase-based logic [3]. As
building blocks of neuromorphic computing, the oscillators
generate phase-based information via coupling to its
neighbors through synaptic weights. Such neural networks
are known as oscillatory neural networks (ONNs). Imple-
mentations of ONNs involve the use of dense arrays of
voltage controlled oscillators in phase-locked loops (PLLs)
[4], which makes their CMOS implementation both area
and power inefficient. This has prompted research in un-
derstanding emerging oscillatory devices that can be used
for implementing these functions efficiently.

Recently, oxide [S] and chalcogenide-based [6] relaxa-
tion oscillators have been explored to show excellent fre-
quency tuning and phase coupling. Usually, the failure
mechanisms of such oscillators are (1) threshold switching
at certain voltage-ballast combinations or (2) permanent
change of the structure of the material (forming). Thus, it is
important to study the circuit-device interaction that results
in either threshold switching (TS) or oscillatory switching
(OS) behavior. The same physics that governs oscillatory
behavior in these devices can also be harnessed as crossbar
memory element selector to reduce the sneak-path problem
[7]. In this paper, we will demonstrate, for the first time,
low-voltage  relaxation  oscillations in CMOS
BEOL-compatible GeTes—based ovonic threshold switches
(OTS’s), which are known to show stable threshold
switching [8]. Furthermore, using the Van der Pol model,
we identify through simulations, the conditions necessary
to differentiate between threshold switching and oscilla-

tions. Thus, with the appropriate ballast resistance and sup-
ply voltage, we were able to achieve frequency tunable
oscillatory behavior or threshold switching with a selectiv-
ity of > 10° and the peak ON current of > 2.5 MA/cm®.
2. Device Physics and Modeling

The devices presented in this work are met-
al-semiconductor-metal (MSM) structures with 20 nm of W
as the bottom electrode, 95 nm RF-sputtered amorphous
GeTeg and 20 nm of W as the top electrode, in a crossbar
configuration. Device area was 770 nm x 770 nm (Fig. 1).
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Fig. 1: Stack for GeTeg-based oscilla-  Fig. 2: Circuit schematic of the assumed
tor/threshold switch van der Pol oscillator with a series ballast.

Fig. 2 shows the circuit model that represents our setup
and will be used in a Van der Pol (VdP) formalism [9] to
model the system behavior. When the supply voltage is
increased across the Rs-MSM combination, the voltage
across the device also increases until it reaches a certain
critical voltage (known as the threshold voltage, V), as
shown in the inset of Fig. 3(a). At V,, the device undergoes
a threshold switching process and the resistance of the de-
vice changes from high to low. This is attributed to the
formation of a temporary conductive filament [5,6]. The
nature of the conductive filament is still controversial with
both electronic [10] and structural models [6] being in-
voked to explain its formation. According to field-induced
nucleation theory [6], the formation of the filament is due
to the nucleation of a super-critical conductive region that
later grows, causing it to shunt the field, resulting in the
voltage across the device to drop. After this ON-state is
reached, if this voltage/current is lower than a certain hold-
ing voltage/current (¥}, and [,), the device reverts back to
the high resistance state (Fig. 3(b)). If not, the device stays
in the ON-state until the supply voltage is reduced so as to
cause the device voltage to drop below V}, and ;. Thus, the
device which snaps to a current lower than 7, will revert
back to the OFF state, charge again to ¥y, and cause sus-
tained oscillations (Fig. 3(b)). Similarly, a device that snaps
to a value greater than the DC 7, will stay in the ON-state
until the supply voltage pulls it back to OFF state.

When oscillating, device frequency is known to in-
crease by increasing Vs or decreasing Rg [11]. It must be
noted that C, is the aggregate of all parasitic capacitors
loading the/threshold switching oscillatory node. The inset
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shows the same /-V behavior in log scale showing a selec-
tivity of >10° (Fig. 3(a)) and a peak current density of
>2.5 MA/cm®.
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Fig. 3(a): Measured and simulated I-V of the device.

Fig. 3(b): Mechanism of
oscillations in the device.

3. Oscillations & Threshold Switching

Fig. 4(a) shows a MSM device undergoing oscillations
and threshold switching by increasing the supply voltage
from 6 V (OS) to 8 V (TS). Fig. 4(b) represents the sche-
matic increase in the x-intercept of the load-line (repre-
senting V). If the intercept of the load-line on the device
I-V has a negative slope, the device undergoes OS; whereas,
if the intersection point is on a positive slope, the device
undergoes TS. Thus, an increase in the supply voltage
causes the device to exhibit TS behavior, instead of OS. A
similar effect can also be achieved with Rg. This helps us
define a design space in Rg and Vy that can set peak fre-
quency of oscillations.
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Fig. 4(a): Same device showing OS
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Fig. 4(b): Change in the mode of operation
(black) and TS (red) behavior at Vs from an oscillatory element and as a
of 6 V and 8 V respectively. threshold switch.

Fig. 5 shows the experimental change in the frequency
of oscillations from 300 kHz to 4.5 MHz as a function of Rj.
Fig. 6 corroborates this monotonic decrease of frequency
with increasing Rg, with a simulated VdP model. Moreover,
for the same Ry, increasing Vs causes the device to TS, as
indicated in the Fig. 6, following Fig. 4(a), (b).
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Fig. 6: Change in the frequency of opera-
(black) and threshold switching (red)  tion in the OS mode, as affected by Rs
behavior. and Vs.

As expected, Fig. 5 shows the frequency decreasing as
the Ry is increased for the same Vs of 6 V. As the frequency
is limited by the charging time in the OFF state [11], in-
creasing the capacitance that loads the oscillating node
would also decrease the frequency, as previously reported

Fig. 5: Device showing oscillatory

[11]. We see the same effect by adding an external capaci-
tance C, in parallel with the device capacitance, Cp (Fig. 7).
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Fig. 7: 1-V phase portrait of oscillations, when ballasted with an external capacitor.

The effect of parasitics in the VdP equation has been
previously examined with a metric of the ratio of induct-
ance to capacitance, L/Cror [11], where Cror is the sum of
Cp and C. It is interesting to note that while the oscillation
frequency was found to be a function of the series re-
sistance (Rs) and Cror, the load-line tracing the snap-back
from OFF state to ON state has a nearly constant slope
(Fig. 7). This slope corresponds to a resistance of ~150 Q.
This resistance appears while the device is transitioning
from high to low resistance state; and hence it denotes the
discharge path of Crpr. Thus, the discharge takes place
from the parasitic capacitor, through the device, a 50 Q
oscilloscope resistance to ground. Thus, ~100 Q (150 Q -
50 Q) can be extracted as the resistance of the filament,
consistent with the values reported earlier [10]. This also
implies that the peak discharge current flowing through the
device will be significantly higher if the capacitance C is
high (Fig. 7).
4. Summary and Conclusions

In this work, we have shown for the first time, sustained
relaxation oscillations in GeTeg-based devices which have
been reported in the past to show threshold switching be-
havior. Using Van der Pol formulation, we were able to
differentiate between its operation as a threshold switch and
as an oscillator. The oscillations were found to be frequen-
cy tunable from ~300 kHz to 4.5 MHz through a resistive
ballast element. It was also observed that ballast resistance
(Rs) and the voltage supply (V) not only change the fre-
quency of oscillations but also the mode of operation - from
an oscillator to a threshold switch (TS). As a TS, the device
showed excellent selectivity of > 10° and a peak current
density of > 2.5 MA/cm®. This peak current density was
modulated by an external ballast capacitor. The discharge
path that controlled the peak current was found to be lim-
ited by the device ON-state resistance, giving significant
insight into engineering the peak current density in TS.
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