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The uniformity of threshold voltage and threshold current in the In, Se3 nanowire-based phase change memory (PCM)
devices is investigated. Based on the trap-limited transport model, amorphous layer thickness, trap density, and trap depth
are considered to clarify their influences upon the threshold voltage and threshold current through simulations.
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1. Introduction

One of the most promising candidates of storage class
memory (SCM)!'# is the phase change memory (PCM) for
its excellent endurance, long retention, faster write speed
and scaling capability.>8) PCM operates on the principle
of threshold switching associated with the reversible phase
change between the crystalline and amorphous states.[%!0]
The switching threshold voltage and current are not constant
values and have a variation in different programming cy-
cles. The uniformity of the threshold voltage and threshold
current!'-12] i extremely important for the PCM operation
since they mark the boundary between the read and program-
ming regime of the memory, especially for the future ultra-low

[13.14] Uniformity of threshold switching is

voltage devices.
both affected by device-to-device process induced variability
and intra-device programming induced variability. Many stud-
ies have been done on the physics of threshold switching!!>16]
and the trap-limited transport model!?>%3! is currently widely
used to explain most of the intra-device programming char-
acteristics including threshold switching phenomenon. How-
ever, there have been a limited number of reports which pro-
vided clear explanations of the relationship between different
localized states and the uniformity of threshold switching. In
order to understand the physics behind the threshold switch-
ing uniformity, factors related to the localized states such as
amorphous thickness, trap density, and trap depth should be
investigated to explain the influences on the uniformity.

PCM in the form of nanowire!!’-2%! allows the size of the
centralized phase change region to be controlled, which of-
fers a better method to investigate the threshold uniformity
mechanism. Among the phase change materials, In,Ses is
more promising since it exhibits higher resistivity than GeTe
or Ge,Sb,Tes and its resistivity can be varied by a factor of
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10° which enables the multilevel applications.?! Besides, the
programming power for the RESET operation of the nanowire-
based In;SesPCM is only tens of microwatts compared to
the milliwatt power levels required by the conventional thin-
film-based PCM.[!8] In this paper, we focused on the intra-
device threshold parameters characterization and analysis in
nanowire-based InySe;PCM. The experimental data were col-
lected from the same nanowire device to avoid the device-
to-device process induced variability on the threshold switch-
ing. First, the RESET operation was accomplished to get the
amorphous state. Then we extracted threshold voltage Vi, and
threshold current Iy, from multiple /-V measurement and the
Weibull cumulative distribution was used to study the unifor-
mity issue. Based on the trap-limited transport model, simula-
tions were used to clarify three factors (amorphous thickness
U,, trap density N, and trap depth E;) influences on the V4, and
L.

2. Device structure and threshold switching uni-
formity

InySes nanowires was synthesized!!®!

using vapor—
liquid—solid technique with a diameter of 30 nm. The elec-
trodes material was Pt and the insulator material was SiO,. As
is shown in Fig. 1, conventional PCM!”! consists of a top elec-
trode and a bottom electrode, the phase change material layer
is sandwiched between the two electrodes. The nanowire-
based PCM consists of a top electrode and a bottom elec-
trode with the phase change material nanowire placed between
the two electrodes, which is surrounded by dielectric material.
Different from the conventional thin-film-based phase change
memory, the active part of the phase change material is in the

middle of the nanowire.
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Table 1. Parameters used in the simulation.

Parameters Values Parameters Values Parameters Values
Nanowire width 30 nm BE thickness 30 nm Pt thermal conductivity 71.6 W-m~L.K™!
TE width 70nm | SiO, electrical resistivity 1% 10" Q-m Pt thermal capacity 2.8x 100 J.m3.K"!
BE width 70nm | SiO, thermal conductivity 14Wm L.K! In,Se; electrical resistivity 670 Q-m
Nanowire length 200 nm SiO, thermal capacity 3.1x 100 Jm=3.K™! In,Ses thermal capacity 0277J.g '.K!
TE thickness 30 nm Pt electrical resistivity 1.06 x 1077 Qm In, Se3 thermal conductivity 50 W-m~1.K~!
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Fig. 1. Schematic diagram of a conventional thin-film-based phase
change memory device and NWs PCM.
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Fig. 2. Measured resistance with increasing RESET pulse amplitude for
the cell in the initial crystalline state.
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Fig. 3. (color online) (a) Simulated temperature distribution in a nanowire-
based memory device with 2-V RESET pulses and (b) the corresponding
phase distribution. (c¢) Amorphous thickness U, grows as the RESET pulse
amplitude increases to 3 V.

Figure 2 shows the measured resistance as a function of
the variable RESET pulse amplitudes. Resistance for the ini-
tial crystalline state remains low until RESET pulse amplitude
is close to 2.75 V, when PCM turns from low resistance state
(LRS) to the high resistance state (HRS). ANSYS was used to
simulate the temperature and amorphous distribution after the
RESET operation. The corresponding parameters are listed
in Table 1. Figure 3(a) shows the simulated temperature dis-
tribution within a nanowire-based memory device during 2-V
RESET pulse. From the results, we can see that the highest
temperature region is in the middle of the nanowire structure,
which is 1227 K above the melting point (T, = 953 KI?!l) of
In,Se; material. Figure 3(b) shows the corresponding formed
amorphous region (a-In,Ses). In nanowire-based PCM, LRS
is usually considered as a complete crystalline region through
the whole nanowire and HRS is related to a certain formed
When the RESET
pulse amplitude increases from 2 V to 3 V, the thickness U,

amorphous region inside the nanowire.

of centralized amorphous region grows from around 50 nm to
100 nm, as illustrated in Figs. 3(b) and 3(c).
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Fig. 4. Measured /-V characteristics of amorphous state and crystalline
state.

Figure 4 shows the measured /-V characteristics of
amorphous state and crystalline state. The amorphous state
and crystalline state have large resistance contrast below the
threshold voltage Vi, and shows electronic threshold switch-
ing behavior at Vi, with the corresponding threshold current
I,. Threshold is defined as the point where the amorphous
state is turned into the crystalline state inside the nanowire. In
order to investigate the uniformity of the threshold voltage and
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current in InpSes nanowire-based PCM, multiple RESET op-
erations are accomplished first to obtain the amorphous states
and the -V characteristics are measured to collect the val-
ues of threshold voltage Vi, and threshold current Iiy,. The ex-
tracted values of Vi, and Iy, are shown in Fig. 5.
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Fig. 5. The extracted threshold voltage Vi, and threshold current Iy,
from multiple /-V measurements.
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Fig. 6. Experimental data for the Weibull cumulative distribution of the
extracted threshold voltage.
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Fig. 7. Experimental data for the Weibull cumulative distribution of the
extracted threshold current.

Weibull cumulative distribution is introduced to describe
the uniformity of the extracted Vi, and Iy,. Figure 6 shows
a single slope of the V4, cumulative probability linear fitting
with the value § = 3.8. However, two separated Iy, cumu-
lative probability linear fitting slopes are observed in Fig. 7
with values B; = 0.9 and f, = 7.5, respectively. The larger
slope means that the distribution of the threshold is more cen-
tralized and the uniformity is better, while the smaller slope
means that the uniformity is worse. Compared to that of the
threshold voltage, the uniformity issue of the threshold current
seems to be more complicated, and the mechanism behind this
phenomenon will be discussed in the following section.

3. Trap-limited transport model

According to the trap-limited transport model*%%3! pro-
posed in the conduction in the amorphous state, carriers are
thermally emitted from one trap to the conduction band and
then captured by another trap which is commonly referred as
the Poole-Frenkel transport. When a voltage is applied, the
potential barrier to be overcome is decreased in the direction
parallel to the electrostatic force as shown in Fig. 8. Figure 9
shows the carriers and traps distributions in the sub-threshold
region, the trap filling obeys to the equilibrium conditions.
High electrical field condition in the amorphous state can lead
to a non-equilibrium distribution of carriers and injection of
electrons into high energy states requires a certain distance

Uorr, given by!?*!

E;
gForr’

Uorr= (1
where ¢ is the elementary charge, E; is the trap depth, and Fopr
is the electric field in the OFF layer, given by

Forr = ZKJSinh—l - eEc—Er)/KT| ()
qAz 2gAAZN (1 +7)
where A is the area of the contact, 7y is the characteristic
attempt-to-escape time for the trapped electron, 7 is the non-
equilibrium term, M is the trap density, / is the current. As for
the ON layer, the distance Ugn can be expressed by

Uon = U, — UoFr, 3)

where U, is the total amorphous layer thickness. The related
electric field in the ON layer can be written as

sinh—! |10 o(Ee-E/KT| (g

K
qAz 2gAAzZN;

Fon =

The non-uniformity of the electric field is essential to account
for the threshold voltage switching. The voltage across the
device is given by

Vapp=UorrForr + UoNFON- ®)
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Fig. 8. (color online) (a) Schematic diagram showing the electron
trapped in the localized states at the trap depth E;. The inter-trap spac-
ing is Az. (b) When applying an electric field, the barrier height is de-
creased.

(b)

Fig. 9. (color online) Schematic diagram for the low-current (a) and
high-current (b) potential profile and energy distribution of electrons in
the amorphous state.

4. Influence of threshold switching uniformity

According to the trap-limited transport model discussed
above, electrons transfer via thermal emission over the poten-
tial barrier from one trap to the conduction band and then are
captured by another trap in the amorphous state. Amorphous
layer thickness U, is one of the key factors in the conduction
mechanism.>*! The trap depth E; determines the activation en-
ergy the carriers need to hop from one trap to another and the
value can be decreased by applying an external voltage.!>!
Especially, the different trap depths in the ON and OFF layers
have a direct influence on the switching phenomenon, thus the
switching voltage Vi, and current Iy,. Besides, the trap density
N, is another useful parameter which determines the trap dis-
tribution and spacing.*6! The three parameters (U,, N;, and
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Fig. 10. (color online) Weibull cumulative distribution of V4, with linear
fit (slope B = 4.7). The inset shows /-V characteristics for the amor-
phous state using the Gaussian distribution data of the amorphous layer
thickness U,.

E}) have a major relationship to the uniformity of Vi, and Iy
and each parameter should be investigated separately to clarify
its contribution.

As for the parameter U,, a series of /-V characteristic
simulations with input Gaussian distribution parameters U, are
accomplished firstly. Then, the Weibull cumulative distribu-
tion is used to study the amorphous layer thickness influence
on the switching uniformity issues. The same analysis method
can be applied to analyzing N, and E;.

The simulated results are illustrated in Figs. 10-12. The
insets show the simulated /-V characteristics for the amor-
phous state using the Gaussian distribution parameters U,, N,
and E;, respectively. As is shown in the inset in Fig. 10, al-
though the amorphous layer thicknesses are different, all the
I-V curves have the same switching Iy, while a variation of
the Vi,. The Vi, Weibull cumulative distribution is shown with
the linear fitting of only one slope with § = 4.7. From the in-
set in Fig. 11, contrary to U,, the variation of trap density N;
has no effect on the Vj;, but slight effect on the Iy,. The linear
fitting of Iy, Weibull cumulative distribution shows only one
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Fig. 11. (color online) Weibull cumulative distributionof Z;, with linear
fit (slope B = 8.2). The inset shows /-V characteristics for the amor-
phous state using the Gaussian distribution data of the trap density M.
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Fig. 12. (color online) Weibull cumulative distribution of Iy, with linear
fit (slope B = 1.1). The inset shows I-V characteristics for the amor-
phous state using the Gaussian distribution data of the trap depth E;.
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slope with B = 8.2. Similar to N, the variation of E; has
the same effect on the Vi, and Iy, but with a smaller slope
B = 1.1 (see Fig. 12). Based on the simulation results, we can
make a conclusion that amorphous thickness U, is the basic
factor that leads to the uniformity of V. Both the two fac-
tors (trap density N, and trap depth E;) can directly change the
critical threshold electrical field that determines the I, which
contributes little to Viy,. The two slope values f = 8.2 and
B = 1.1 indicate that the variation of E, contributes more to
the uniformity of /ip,. The simulation results also have a clear
explanation of the experimental data in Figs. 6 and 7.

5. Conclusion

In this paper, the extracted threshold voltage Vi, and cur-
rent Iy, of the nanowire-based In;Se; PCM were collected and
the Weibull cumulative distribution was studied to investigate
the threshold uniformity characteristics. Based on the trap lim-
ited model, factors (amorphous layer thickness U,, trap den-
sity N, and trap depth E;) were used to clarify their influences
upon the switching parameters Vi, and Iy,. We conclude that
the uniformity of V, is mainly caused by the variation of the
amorphous thickness which has little effect on the Iy,. On the
contrary, uniformity of the threshold current is largely induced
by the trap density and trap depth while the latter influence is
more sensitive. Our conclusion is of great use for designing
the devices with a certain range of maximum programming
voltage and current, especially for the low voltage devices.
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