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Prefixing a weak electric field (incubation) might enhance the crystallization speed
via pre-structural ordering and thereby achieving faster programming of phase change
memory (PCM) devices. We employed a weak electric field, equivalent to a constant small voltage (that is incubation voltage, V i of 0.3 V) to the applied voltage pulse, V A (main pulse) for a systematic understanding of voltage-dependent
rapid threshold switching characteristics and crystallization (set) process of In3 SbTe2
(IST) PCM devices. Our experimental results on incubation-assisted switching elucidate strikingly one order faster threshold switching, with an extremely small delay
time, t d of 300 ps, as compared with no incubation voltage (V i = 0 V) for the
same V A . Also, the voltage dependent characteristics of incubation-assisted switching dynamics confirm that the initiation of threshold switching occurs at a lower
voltage of 0.82 times of V A . Furthermore, we demonstrate an incubation assisted
ultrafast set process of IST device for a low V A of 1.7 V (∼18 % lesser compared to without incubation) within a short pulse-width of 1.5 ns (full width half
maximum, FWHM). These findings of ultrafast switching, yet low power set process would immensely be helpful towards designing high speed PCM devices with
low power operation. © 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4994184]

I. INTRODUCTION

In the recent years, chalcogenide-based phase change memory (PCM) have substantiated their
ability for the next generation high-speed, non-volatile memory and also towards ‘universal memory’ for future computing systems.1–5 This is primarily owing to its all-round characteristics such as
high read/write speeds, low power consumption, longer endurance, high scalability and non-volatile
nature.6,7 The heart of this memory concept lies in the fascinating property-portfolio of rapid and
reversible switching between a high resistivity amorphous (reset) state and a low resistivity crystalline (set) state on a nano/picosecond (ns/ps) timescale triggered by appropriate voltage pulses.2,3
However, the overall programming speed of PCM devices is particularly limited by the set process
which is slower as compared to the reset process.8 This is primarily due to the fact that the set process is essentially governed by a combined effect of both the voltage-dependent ultrafast threshold
switching dynamics exemplified by electronic effects,9–12 and rapid crystallization of phase change
(PC) material induced by Joule heating.3,13 Hence, these two factors must be extensively investigated
together to improve the speed of set operation. More importantly, another key factor of a correlation
between the speed of set process and thermal stability of amorphous phase (governing data retention)
must be discerned to overcome the speed limits of PCM devices.4,14
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In recent years, tremendous technological efforts have been devoted to improve the programming characteristics, structural stability, reliability and performance of PCM devices.6,7,15 However,
achieving an ultrafast, yet low power threshold switching and crystallization using time-resolved
measurements is a key challenge. Much recently, the crystallization/re-amorphization speed was
achieved in 500 ps in Ge2 Sb2 Te5 cells by means of a weak electric field induced switching.4 This
technique offers an extremely fast crystallization through incubation-assisted thermal prestructural
ordering, owing to faster nucleation and growth process as manifested by an ultrafast set process
in 500 ps. However, such measurements lack the evidence of time-resolved data of current-voltage
characteristics, which could possibly unveil a systematic enhancement over threshold switching and
crystallization speed.
In addition to this, Ge2 Sb2 Te5 material offers relatively poor thermal stability as reflected by a low
crystallization temperature, T c (∼160 ◦ C) which affects data retention.16 It has been recently reported
that In3 SbTe2 (IST) possesses an improved thermal stability as compared to the GeSbTe alloys. This
is validated by the higher crystallization temperature (above 250 ◦ C) of IST, which favours long-term
data retention.17–19 In addition, IST material possesses a rock-salt type electronic structure similar
to that of GeSbTe materials confirming rapid crystallization process of IST materials.20 Also, the
resistivity contrast of more than six orders of magnitude between the poly-crystalline and the amorphous phase of IST material, even promises multi-bit data storage applications.21,22 Moreover, very
recently a systematic study of voltage-dependent threshold-switching dynamics and set process was
demonstrated in IST cells in sub-ns timescale using an advanced custom-built programmable electrical tester.23 Therefore, in the present study of incubation-assisted ultrafast switching, we have chosen
IST material owing to its excellent thermal stability as well as fast electrical switching characteristics.
We report here, incubation-assisted ultrafast and low power threshold switching dynamics and
set process of IST cells using time-resolved measurements. Our experimental findings of a weak
electric field-assisted switching reveals at least one order faster threshold switching (i.e delay time of
300 ps) as well as set process for even 0.82 times of applied voltage, V A with the pulse width of 1.5 ns
(full width half maximum, FWHM). Also, we demonstrate a comparative analysis of switching speed
upon systematic increment in V A using the current-voltage characteristics in case of with and without
incubation voltage in sub-ns timescale.
II. EXPERIMENTAL DETAILS

For a reliable exploration of such time-resolved ultrafast electrical switching measurements, an
advanced electrical tester is essential with the capability of handling electrical signals in ps timescale.
Hence, for the present study, we employed a custom-built programmable electrical tester (PET)11,23
having the ability to measure electrical signals precisely with a resolution of 50 ps and to capture
switching transitions of devices in 200 ps. The PET setup consists of an Arbitrary Waveform Generator
(AWG, Agilent technologies), a Digital Storage Oscilloscope (DSO, Teledyne Lecroy), customdesigned high frequency contact-boards having impedance-matching circuit (IMC) and amplifier
(Amp) circuits specially designed with the intent to support electrical pulse measurements in the pstimescale as described elsewhere.11,23 The pulse generator allows voltage pulses down to a pulse-width
of 1.5 ns (FWHM), rise time, t r , and fall time, t f , of 1 ns having an amplitude up to 5 V.
In the present study, thin IST films were RF sputter-deposited from a single In3 SbTe2 stoichiometric target (ACI Alloys Inc.) of 99.99 % purity operating in constant power mode of 25 W with a
background pressure of 2.5x10-7 mbar, Ar flow of 20 s.c.c.m, and deposition rate of 0.0161 nm.s-1 .
The SiO2 substrates were kept under the rotation of 10 rpm to ensure homogeneity of the deposited
films. The amorphous nature of the as-deposited thin IST films was confirmed by X-ray diffraction (XRD). The composition analysis of as-deposited IST films was performed by energy dispersive
X-ray spectroscopic (EDS) technique at over five different locations, which confirms variations within
2 atomic percentages. Furthermore, the IST cells were fabricated on SiO2 substrates using a 52 nm
thick IST material as an active layer, sandwiched between the bottom electrode (BE, thickness of 30
± 0.2 nm) and the top electrode (TE, thickness of 30 ± 0.2 nm) of Titanium (Ti). Mechanical masks
were used for creating specific device patterns in a cross-bar like configuration such that the BE line
width is 700 µm and a short TE line width is 300 µm as described elsewhere.11,23
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III. RESULTS AND DISCUSSION

The incubation-assisted electrical switching dynamics and set process of several IST cells were
characterized in the as-deposited amorphous (∼10 MΩ) phase using the PET setup. We used pulse
pattern comprising a plateau time, t p of 100 ns, t r and t f of 1 ns. Fig. 1(a) displays the waveforms of
main applied voltage pulse, V A of both types, namely V A with a small field incubation voltage, V i
= 0.3 V (right panel) and V A without incubation voltage, V i = 0 V (left panel). Fig. 1(b) shows the
time-resolved current-voltage characteristics of IST cells for V A of 1.4 V without incubation voltage
(i.e. V i = 0 V) indicating no threshold switching, as evidenced by almost no current flow through the
device. On the other hand, it is interesting to note from Fig. 1(c) that the device exhibit switching for

FIG. 1. (a) The waveforms of applied voltage pulse, V A with a small field incubation voltage, V i = 0.3 V (right) and without
incubation voltage, V i = 0 V (left). (b) Current-voltage characteristics for V A of 1.4 V (black color, triangle), without incubation
voltage (V i = 0 V) having plateau time of 100 ns, rise time and fall time of 1 ns. No significant increase in device current,
I D (blue color, circle) was observed. (c) Current-voltage characteristics for V A of 1.4 V, with V i of 0.3 V for the same pulse
parameters revealing threshold switching as evidenced by a rapid increase in I D from a-off to the conducting state (d) Enlarged
view of transient characteristics depicting delay time, t d ∼ 3.2 ns and switching time, t s ∼ 250 ps.
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the same V A of 1.4 V, with an incubation voltage (V i = 0.3 V). It can be seen that the presence of a
small field V i of 0.3 V along with the same V A (of 1.4 V) enables threshold switching after a finite
delay time, t d (the time elapsed prior to initiation of switching) as depicted by a rapid rise in the current
through the device leading to conducting state. Subsequent to this, a read pulse (with amplitude of
0.2 V, pulse-width of 100 ns) confirms the permanent change from amorphous to a poly-crystalline
state revealing set process of IST devices. Furthermore, in order to quantify transient parameters such
as t d of 3.2 ns and switching time, t s of 250 ± 50 ps (current rise from amorphous off-to-on state), an
enlarged view of the threshold switching process is shown in Fig. 1(d). It is noteworthy to mention
here that the presence of incubation voltage (V i = 0.3 V) with a main pulse V A having an amplitude
of 1.4 V enables electrical switching and set process.
In order to understand the effects of incubation voltage on the dependency of transient parameters
including t d , and t s , we used various V A by systematically varying the pulse amplitudes from 1.0 V
to 2.3 V having the pulse parameters t r , and t f of 1 ns and t p of 100 ns for both cases (i.e. with and
without V i ). Fig. 2 displays the device current, I D measured for varying V A from 1.0 V to 2.3 V for
both cases such that V i = 0 V (as marked in black line) and V i = 0.3 V (as marked in grey line). It is
very interesting to note that IST devices exhibit switching from a significantly lower V A of 1.4 V under
incubation field, below which the device remains in the high resistance amorphous off (a-off ) state. On
the other hand, in the case of no incubation field, the device exhibits switching at a higher V A of 1.7 V.
The precise values of t d and t s for various V A of both with and without incubation, are actually estimated from Fig. 2 and are plotted in Fig. 3(a) and (b) respectively. Figure 3(a) depicts the
dependence of t d upon V A for both cases, with and without incubation voltage, revealing the trend
of an exponential decrease of t d for increasing V A . Such behaviour is in conformance with the previous reports; however, the present experiments manifest one order lower value of t d as compared
to other PC materials.8,10,15,24 Furthermore, it is noteworthy to mention here that incubation-assisted
switching characteristics unravel a strikingly small value of t d of 300 ± 50 ps for a lower V A of
1.7 V (i.e. 0.82 times of V A compared to without incubation). This finding corroborates that the
incubation-assisted switching offers approximately one order smaller value of t d , revealing a remarkable threshold switching speed of 300 ± 50 ps of IST devices, which is about one order faster than
that of without incubation voltage. Moreover, the dependency of t d , and threshold switching field
(E T ) of IST devices were found to be in good-agreement with the literature.23

FIG. 2. Time-resolved measurement of the device current, I D for applied voltage pulses, V A ranging from 1.0 to 2.2 V for
both cases such as without incubation voltage, V i = 0 V (black color, solid lines) and also with incubation voltage, V i = 0.3
V (red color, dashed lines). Initiation of switching is observed at V A of 1.4 V with V i of 0.3 V. On the other hand, switching
is seen at higher V A of 1.7 V in the case of without incubation voltage. The overlay of I D reveals the dependency of transient
parameters such as delay time, t d and switching time, t s .
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FIG. 3. (a) Dependence of delay time, t d , and (b) switching time, t s , on applied voltage pulse, V A for both the cases of with
(V i of 0.3 V) and without incubation voltage (V i of 0 V).

Furthermore, t s is found to be a constant value at 250 ps for the application of various V A , for
both cases as depicted in Fig. 3(b). We found that the incubation voltage, although with a very small
amount of thermal energy it delivers to the amorphous phase, can substantially enhance the speed
of threshold switching by one order of magnitude, yet enabling low power switching of at least 0.82
times of V A . Therefore, the scheme of incubation-assisted switching and the dependence of t d upon
V A would be immensely helpful in optimization of pulse parameters towards programming of PCM
devices in ps-timescale.
The approach of incubation-assisted switching process, by providing a weak electric field (V i
= 0.3 V) is known to induce thermal pre-structural ordering in the amorphous matrix,4,25,26 which
eventually enhances the switching dynamics as well as induces the faster set process. In order to
investigate the effect of incubation assisted ultrafast set process by employing our experimental data
of voltage dependent transient parameters as described in Fig. 3, we have chosen a voltage pulse
with a very short pulse-width (FWHM) of 1.5 ns, amplitude of 1.7 V, t r , and t f of 1 ns. It can be
clearly seen from Fig. 3(a) that t d for the V A of 1.7 V is approximately 250 ps (for V i = 0.3 V) and
5 ns (for V i = 0 V). Therefore, it is presumed that in the case of no incubation voltage, owing to its
higher t d of 5 ns, the device does not exhibit switching within a very short pulse-width of 1.5 ns,
for VA of 1.7 V. And, the same is therefore; experimentally evident from Fig. 4(a) that the device
does not show switching for the VA of 1.7 V with a very short pulse-width of 1.5 ns. On the other
hand, in the presence of incubation voltage, it is remarkable to note that the device exhibits switching
from a high resistance a-off state to a conducting state after a very short t d of 300 ps for the same
VA of 1.7 V having a very short pulse-width of 1.5 ns as depicted in Fig. 4(b). Subsequently, the
current flowing through conducting state crystallizes the local region and therefore, the formation
of a permanent low resistance state during the trailing edge of V A leads to a very fast set operation.
The read pulse (with amplitude of 0.2 V, pulse-width of 100 ns) confirms the permanent change
from amorphous to a poly-crystalline state revealing set process of IST devices within a short pulse
of 1.5 ns. Therefore, the present time-resolved experimental results of incubation-assisted switching
shed light on achieving ultrafast crystallization via a weak electric field induced thermal pre-structural
ordering. This approach also evidences realizing an extremely fast, yet low power threshold switching
of IST devices.
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FIG. 4. Current-voltage characteristics of IST devices for the applied voltage pulse, V A of 1.7 V with a full width half maxima
(FWHM) pulse-width of 1.5 ns, rise time, and fall time of 1 ns (a) without incubation voltage, the device does not exhibit
switching (b) with incubation voltage, reveals ultrafast set process of IST devices for the same V A of 1.7 V within 1.5 ns.

In addition to showing rapid crystallization speeds, IST devices are known to possess better
thermal stability (T c ∼ 250 ◦ C) as compared to several GeSbTe, GeTe based PC materials.2,15,16 In
the light of above, IST is certainly considered as one of the best candidates with greater technological
importance not only for enabling PCM device with ps programming but also for multi-bit data
storage27 and ‘universal memory’ device.1,3,4
IV. CONCLUSION

In conclusion, we have demonstrated ultrafast crystallization of IST devices by employing a
weak electric field, (incubation voltage, V i of 0.3 V) to the applied voltage pulse, V A . This approach
of incubation-assisted switching validates approximately one order faster threshold switching due to
thermal prestructural ordering induced by Joule heating, with an extremely small delay time, t d of
300 ps, as compared with no incubation voltage (V i = 0 V) for the same V A . The voltage-dependent
incubation-assisted threshold switching dynamics confirms that the initiation of switching process
proceeds even for 0.82 times of V A , corroborating low power switching of IST devices. Furthermore,
the incubation-driven ultrafast set process was achieved for V A of a very short pulse-width of 1.5 ns
and amplitude of 1.7 V, which is about 18% lower as compared to no incubation evidencing an
extremely fast as well as low power set process of IST devices. These experimental findings would
pave a way for designing of PCMs with low power and ultrafast programming speeds and also towards
‘universal memory’ for future computing.
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