AR E
Qi‘) j) |EEE ELECTRON DEVICE LETTERS, VOL. 41, NO. 3, MARCH 2020 373
S

Pulse Dependent Threshold Voltage Variation
of the Ovonic Threshold Switch in
Cross-Point Memory

Sanghyun Ban, Hyejung Choi*', Wootae Lee, Seokman Hong, Hwanjun Zang, Beomseok Lee,

Myoungsub Kim, Seungyun Lee, Hyungdong Lee, and Taehoon Kim

Abstract—We report the pulse dependent threshold
voltage (V;) variation of the Ovonic Threshold Switch
(OTS) and its effect on the read window margin (RWM) in
Cross-Point Memory (XPM). We found that OTS V; varies
by the height and width of the write-current pulse. The
varied V; is persistently maintained even after 2E4 cycling
of the write pulse, which means that the phenomenon
is not a temporary one, but a type of memory effect in
OTS itself. Therefore, it would affect the overall V; window
(AVy) of XPM by changing the Set V: (V; set) and Reset
Vi (V¢ Reset) When combined with either phase-change
memory (PCM) or resistive memory (RM). High-resolution
transmission electron microscopy (HRTEM) and fast Fourier
transform (FFT) images have proved that this phenomenon
is not caused by the phase change of the OTS. Instead,
a sub-threshold analysis extracted from the Poole-Frenkel
model suggests that the phenomenon is associated with the
variation of the amorphous network either by changes in the
atomic bonding configuration or trap density.

Index Terms—Ovonic threshold switch,
cross-point memory, phase-change memory,
memory, V; instability, trap density, Poole-Frenkel.

selector,
resistive

I. INTRODUCTION

ROSS-POINT type memory is recognized as the most
ideal device structure for the next generation of high
density memory [1]-[4]. It also showed very promising per-
formance as a storage class memory (SCM) [2]. The simple
structure of one-selector and one-memory (1S1M) of XPM can
be easily fabricated with a self-aligned etch scheme, which will
cut down the total number of photo mask steps and process
steps to reduce the cost per bit [2]. The key technology of
XPM is the selector technology, which enables the operation
of XPM and decides the overall memory performance.
Among many candidates for two-terminal selector materials,
OTS has been considered as the most promising one [5]-[7].
It shows extremely low sneak-current (Ispeak ), high on-current,
and adjustable V; by thickness modulation, which provides the
adaptability for different memories of different AV; [8]. The
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traditional OTS parameter for XPM is Igyeak, Which enables
high density array and reduces power consumption. A recent
report also emphasized the importance of V; instabilities such
as random telegraph noise (RTN) and drift [2].

In this paper, we report another instability factor of the OTS
called pulse dependent threshold variation (PDTV). We found
that the OTS V, systematically changes with write-current
pulse conditions such as pulse height (PH) and pulse width
(PW). The V; change is stably maintained even after the
2E4 cycle and with different measurement temperatures. The
result indicates that the variation is not a temporary one, but a
type of memory effect on OTS itself. Therefore, the phenom-
enon will affect RWM during the overall write cycle. HRTEM
and FFT images indicate that the V; variation is not caused
by the phase change of the OTS. Instead, the fit result of
the Poole-Frenkel model implies that it is associated with the
change of the bonding states of the amorphous network.

Il. EXPERIMENT

We fabricated cross-point arrays of the OTS with 2z nm
technology by using the self-aligned etch scheme as in ref.2.
The resulting pillar structure is formed between two crossing
metal lines called the word line (WL) and the bit line (BL)
and is composed of the OTS alloy and two electrodes at the
top and bottom of the OTS, i.e. (BL/TE/OTS/BE/WL). The
OTS (Ge-As-Se) alloy and carbon electrode was deposited
by an RF and DC sputtering system respectively. Processing
temperatures after OTS deposition were limited below the
glass transition temperature (7,) to prevent the OTS from
causing pattern collapsing or characteristics change. However,
the thermal budget is enough for the given T,. The single
device was patterned to a size of 20x20 nm, and an array
consisted of a 2kx1k cross-point cell. Most of the elec-
trical measurements were carried out at 55 °C except for
Fig. 2 (d), which used the Nextest Magnum 2 memory test
system. All measurements but Fig.4 were done by AC pulse,
since it can exclude the drift effect by making a fast sweep
and the V; can be measured with a high resolution. Fig. 4 is
measured by DC pulse, since it can provide good resolution
in the subthreshold current region (< 1xA), which cannot be
done by AC measurement.

I1l. RESULTS AND DISCUSSION

Fig.1 (a) shows the variation of OTS V; after having
different write-current (Iwrt) pulses. In all measurements,
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Fig. 1. (a) Memory behavior of the OTS-only cross-point structure.
Threshold voltage of the OTS depends on the amplitude and pulse width
of the write current applied to the OTS. The Y-axis, V;is a V; shift relative
to the minimum V4, i.e. V¢ — minimum V; (the minimum V; is defined as
the minimum V; at lyygt = 200 wA). (b) Applied voltage and measured
current in the time axis. V; is defined as the voltage when a current is
turned on. (c) Contour plot of V; as the function of the current amplitude
and pulse width based on (a).

the delay time after write to read was fixed at 1 us to exclude
the drift effect. The y-axis, AV; (= V; —V; jnin) is the variation
of V, after each write pulse condition with respect to the
minimum V; (V; uin) of 200 A write. The result shows that
OTS V; is fully dependent upon the write PH and PW. In all
PWs, V; decreases and converges into the V; i, as Iwrr (PH)
increases. For the same Iwrr, a shorter pulse decreases the V;
and the trend becomes larger as the Iwgrr decreases. Overall,
V: dependence on PW and PH is shown in the contour plot in
Fig. 1(b). The result indicates that when a memory component
(PCM or RM) is added (e.g. 1SIM), AV; (Vi _Reser — Vi_Set)
will depend on the OTS as well as the memory component,
since V;_s¢r is same with the V; o7s and Vi peser is the sum
of V;_ors andV; of the memory component.

The V; distributions of the 64k OTS-only cell arrays are
shown in Fig. 2(a). Since there is no memory component,
V: represents V; ors. If there is no PDTV effect, the distri-
bution groups of 200uA-Iwgrt (corresponding to Reset PH)
and 40uA-Iwrr (corresponding to Set PH) should cross at
the zero sigma line; here, 200uA-Iwgrr group is just inverted
to better show the AV, and RWM. However, due to the
PDTV effect, the crossing point moves up and the V; dis-
tribution shifts to the right as the PW becomes longer. This
indicates a reduction of AV; by PDTV. Fig. 2(b) shows the
expected V; distributions when a memory component is added
(e.g. 1ISIM). The 200uA-Iwrt group will shift to the right due
to the memory component. Then, there will be a net difference
in AV; (at median) or RWM (at low probability region)
by the different V; s.; (PDTV). The PDTV phenomenon
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Fig. 2. (a) V;distributions of a 64k OTS-only (no memory component)

cell array for different pulse conditions. The variation of V; get (= V¢ oT9)
is due to the PDTV effect at low current regions, as shown in Fig. 1(a).
Little variation of V; peset iS also due to the little PDTV effect at high
current region. (b) The expected V; distributions and RWMs when a
constant memory window is added to a memory component. V; ggget
has little variation since V; geset is the sum of the V; org (no PDTV at
high Reset current) and the constant Vt memory- (C) Cycling endurance
characteristics of the PDTV effect from the median V; of 64k OTS-only
array. The V; gap is formed by two write conditions of 20 us - 40 A and
80 ns - 200 A and is maintained even after 2E4. (d) A variation of PDTV
at different temperature (25, 55, 85 °C). Note that the V; gap by PDTV is
maintained at all temperatures, while the V; depends on the temperature.

was also found from other alloy systems (not shown here).
Although both the magnitude and sign of the AV, were
different in each alloy system, the PDTV phenomenon was
very consistent and repeatable. Therefore, the PDTV effect
should be considered as another instability factor of the OTS
like RTN and drift, to change RWM.

In order to further investigate the consistency of the PDTV
effect, a cycling endurance test was carried out. The high and
short write pulse (200 xA for 80 ns), and low and long write
pulse (40 uA for 20 us) were alternately applied as shown in
the inset of Fig. 2(c). The result indicates that the V; gap by
PDTV remains even after the 2E4 cycling write pulses. The
PDTV also remains the same between 25 °C and 85 °C as
shown in Fig. 2(d). It shows that V; decreases with an increase
in temperature, but the gaps of V; caused by the PDTV remain
the same. Based on these results, we concluded that PDTV is
not a transient phenomenon, affected by neither a temperature
nor a write cycle stress.

Since the phenomenon was so consistent, we performed
a HRTEM and FFT pattern analysis to check whether
these results are associated with the phase change phenom-
enon or not. Fig. 3 shows the HRTEM image and its FFT
pattern after 200 uA — 80 ns (a) and 40 uA — 20 us (b) for
minimum and maximum V;, respectively. The results show that
their atomic structure was still in an amorphous state, that is,
the V; change of the OTS was not related to the phase change
phenomenon.

In the confined structure, since the stress from the current
pulse cannot change the composition of the OTS alloy, the only
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Fig. 3. (a) Cross-point array structure composed of the OTS and two
electrodes. HRTEM (top) and FFT pattern (bottom) images of the OTS
device: (b) OTS state after writing the cell with a high and short pulse
(lwgrT = 200 A, PW = 80 ns). (c) OTS state after writing the cell with a
low and long pulse (lyrt = 40 A, PW = 20 us).
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Fig. 4. Measured sub-threshold IV characteristics by DC after writing a
cell with different programming conditions: (a) Increasing write currents
IwrT = 40 uA, 90 1A, 140 A, and 200 pA with a fixed PW = 20 us. (b)
Increasing pulse widths PW=80 ns, 200 ns, 1 us, and 20 us with a fixed
IWRT =40 [J.A.

possible mechanism will be the change of either the bond-
ing state or the defect density in the amorphous network.
The best way to analyze such information is to use sub-
threshold IV characteristics. DC-IV was measured after var-
ious write pulses. Fig. 4(a) shows the sub-threshold IV
characteristics after various PHs with a constant of 20 us
PW, and Fig. 4(b) shows the characteristics after various
PWs with a constant of 40 ¢ A PH. Obviously, sub-threshold
IV slopes change systematically with different PH and PW.
To extract the material’s information, the IV curves are fit to
the Poole-Frenkel model [10], which is

A Va A
[ = 2gANT oy —= e~ Ec—ER)/KT g (1 7A 22
70 kT 2ua

), (D)

where ¢ is the elementary charge, A is the area of the device,
N7 10 1s the integral of the trap distribution in the gap above
the Fermi level (EF), A is the inter-trap distance, 7o is the
characteristics attempt-to-escape time for the trapped electron,
Ec — EF is the activation energy (E,), V4 is the applied
bias, k is Boltzmann constant, T is the temperature, and u,
is the thickness of the amorphous chalcogenide. Two fitting
parameters, E, and A, are obtained assuming g and N7 ;o as

TABLE |
ACTIVATION ENERGIES (Eq = Ec — EF) AND TRAP DISTANCES (A2)
EXTRACTED FROM THE SUB-THRESHOLD IV FITTING ANALYSIS IN
F1G.4. THE TABLE SHOWS THE INFLUENCE OF (a) lwRT
(WITH FIXED PW = 20 us) AND (b) PW (WITH
FIXED lygT = 40 wA) ON E5 AND Az

(a) (b)
E, (Ec-Ep) Az E. (Ec-Ep) Az
Iykr (A) " (V) (nm) PW (ns) ! (eV) (nm)
40 0.767 4.29 80 0.706 3.68
90 0.707 3.61 200 0.723 3.86
140 0.674 3.25 1000 0.739 4.02
200 0.655 3.07 20000 0.767 4.29

(PW =20 ps fixed) (yrr = 40 pA fixed)

1075 and 1/(A)3, respectively [3], [11]-[13]. The fit results
are summarized in the Table I (a) and (b).

As the PH increases, both A and E, decrease. Also,
the increasing PW increases both A and Ec — Ep. It is
interesting to note that the dependence of E, and A on the
condition of the write pulse is consistent with the trend of V;
change in Fig. 1(a) and (b). The results are in good agreement
with the mobility edge theory [14] in which V; is a direct
function of mobility edge variation (Ec — EF), and the cause
is associated with the trap density (1/A) of the amorphous
chalcogenide. In other words, changing pulse conditions seems
to change the bonding state of the amorphous network, either
by reconfiguring the atomic bonding states or by charging the
traps. These results indicate there could be some different
aspects for each OTS alloy whose amorphous structure is
different.

IV. CONCLUSION

In this study, the PDTV phenomenon of the ternary OTS
device was investigated. OTS V; decreases with increasing
PH, while it increases with a longer PW. The results indicate
that, when the OTS is combined with a memory component
such as a PCM or a RM for a 1S1M device, it will affect the
overall AV,and RWM of a cell array. Particularly for PCM,
the effect will be more obvious, due to the Reset pulse (short
PW and high PH) and the Set pulse (long PW and low PH).
The phenomenon was maintained even after the 2E4 cycle
and in the temperature range between 25 to 85 °C, which
means that the phenomenon is not a temporary one, but a kind
of memory effect of OTS itself. HRTEM and FFT analyses
confirmed that the behavior is not due to the phase change.
Sub-threshold IV analysis of OTS implies changes caused by
different pulse conditions to the mobility edge (Ec — EF)
and the trap density (1/A). At this moment, we don’t fully
understand how the different pulse conditions affect the atomic
bonding states or traps, and result in the PDTV phenomenon.
Unfortunately, it is not possible to characterize the bonding
states or configurations in a nano-scale area with current
characterization technology. More studies will be required in
terms of physics in the future.

In conclusion, when an OTS material is developed

for XPM, the PDTV effect should be considered as
one of the V; instability factors such as RTN and
drift.
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