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Electro-Thermal Model for Thermal Disturbance
in Cross-Point Phase-Change Memory
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Abstract—We developed an electro-thermal model for
cross-point phase-change memory (X-PCM) and compared
the calculation values with the experimental results. In order
to simulate the electro-thermal phenomenon such as
thermal disturbance (TDB) of victim cells and reset the
current (Igeset) of aggressor cells in a fully confined cross-
point structure, a three by three mini-array was constructed
with the finite-elemental method. Unlike the conventional
thermal model, which only shows the temperature gradient
for TDB, our new model can predict the crystallization
behavior of victim cells by combining the crystallization
model for nucleation and growth. This makes it possible
to compare the calculation results with the experimental
ones through the crystalline fraction of the victim cell. The
simulation results clearly reveal that our new model can
closely estimate the victim cell’s crystalline fraction for TDB,
with the variation of both pulse height (PH) and pulse width
(PW) during the RESET operation. Applying the confirmed
model for devices of smaller dimensions shows that TDB
increases as the device scales down. The increase of TDB is
particularly severe as cells become smaller than 16 nm.
We suggest that TDB can be reduced not only by decreasing
the thermal conductivity (k) of the interlayer dielectric (ILD),
but also by minimizing the PW of the aggressor.

Index Terms—Cross-point memory, electro-thermal
modeling, phase-change memory (PCM), reliability, reset
current, storage-class memory (SCM), thermal conductivity,
thermal disturbance (TDB).

I. INTRODUCTION

HASE-CHANGE memory (PCM) has been considered as

one of the most promising candidates for storage-class
memory (SCM) between high-speed dynamic random access
memory (DRAM) and high-density NAND Flash, because of
its high performance and nonvolatile nature [1]-[4]. However,
continuous scaling of DRAM and NAND pushes PCM to be
more cost-effective and scalable to satisfy the SCM require-
ments. Recently, X-PCM has been introduced to satisfy SCM
requirements and provide an optimal solution for the modern
computing-memory hierarchy [5].

One of the most challenging hurdles when it comes to
downscaling PCM is thermal disturbance (TDB), which is an
unwanted logic data change of the neighboring cells caused by
heat transfer from the cell under reset operation [6]—[8]. The
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reduction of the distance between cells during downscaling
has been thought to be the most critical limit of the PCM. The
problem was especially serious in the conventional planar type
PCM [7], because the phase-change material (PM) connecting
the aggressor and victim cell has relatively high thermal
conductivity. On the other hand, X-PCM has a fully confined
cell structure with an areal density of 4F%, in which PM is
surrounded by relatively low thermal conductive insulator.
In this structure, the electro-thermal environments of TDB and
IreseT Will contradict from those of conventional PCM, since
TDB and Irgsgr are determined by the heat balance among
heat generation in the aggressor cell, heat transfer to the victim
cells, and heat dissipation through other directions.

In this article, we report the development of an electro-
thermal model for TDB in X-PCM, and compare the calculated
values with the experimental results. Calculation includes the-
oretical models such as the coupled electro-thermal transport,
thermoelectric effect, and the crystallization model which
enables us to compare the simulation results with experimental
ones. The calculated crystalline fractions by TDB showed a
decent match with the experimental results even when we
altered the pulse height (PH) and pulse width (PW) for RESET.

Using the confirmed model with physical and material
parameters, scaling trends for TDB and Irgsgr are calculated
with different thermal conductivities of interlayer dielectric
(ILD) (kLp). Since low kyrp decreases the lateral heat transfer
to the victim cells, which can not only reduce TDB, but
also reduce Irgsgr due to the improved thermal confinement
effect, and leads to an additional benefit of reduced power
consumption [9], [10]. The results show that, as the device
scales down, TDB will increase more rapidly and the impact
of low kpp will become much more important. In order
to prevent TDB for devices at 14-nm tech node and below,
kiLp should be mostly around 0.001 W/cm-K. However,
the value seems unachievable from typical thermal oxide thin
films (k = 0.006 W/cm-K [11]). Therefore, process-wise,
an air gap or thermal boundary layer (TBL) may need to
be developed for devices at 14-nm tech node and below.
Finally, we discuss another way of reducing TDB in terms
of the RESET PW. The result signifies that optimized pulse
conditions can reduce the maximum temperature of victim
cells to reduce TDB.

[1. ELECTRO-THERMAL MODELING

In order to simulate the TDB effect, a three by three array
of X-PCM cell stack is prepared with finite-element method
(FEM). In the real array, each cell stack lies between two
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crossing metal lines, i.e., wordline (WL, along y-axis) and
bitline (BL, along x-axis), and consists of PM, Ovonic thresh-
old switch (OTS), and electrodes which physically separate
the two materials as shown in our previous report [5]. Each
cell stack is surrounded by an oxide. Since the experimentally
measured data in this article are obtained from the real cell
array in our previous report [5], the details of the simulation
structure and dimension are also determined to be identical
to the real cell, except that a selector layer is removed for
the simplicity of simulation. Since the selector is in a highly
conductive state during cell operation, its contribution to heat
generation is negligible. Instead, an artificial high-resistance
layer is inserted to every victim cell in order to prevent the
sneak current flow through deselected cells during simulation.

For electro-thermal simulation, the temperature dependence
of the resistivity of PM is more important in a confined
structure (without heater) than in a planar structure (with
heater), since the confined structure is self-heating—meaning
it relies on the overall heat generation during heating and
melting stages. However, in a planar structure, heating happens
more at interfaces and electrodes which is less dependent on
the variation of PM resistivity [12]. Thus, the key is how to
include the variation of the PM’s resistivity during heating and
subsequent phase changes [13]. The temperature dependence
of resistivity used for simulation is shown in Fig. 1(b). For the
efficiency of simulation and convergence of its values, the ini-
tial resistivity of PM is set as a constant before beginning of
important resistivity changes. The most important region is
when the temperature is above 540 K, which is referred from
the literature [14], assuming a hexagonal close-packed (HCP)
structure, and where the resistivity decreases by the Arrhenius
behavior with increasing temperature until melting happens.
In addition, the resistivity of molten PM is also set to constant.
RESET operations from either crystalline or amorphous phase
is assumed to be same, since after the abrupt switch in the
amorphous PM, both phases will follow the same dynamic
resistance [15]. Thermal conductivity of PM is calculated by
the Wiedemann—Franz law as shown in Fig. 1(c)

k(T) = LT - o(T) (1)

where L is the Lorenz number (2.44-10~8 W.Q . K~2).

While the heat generation mechanism in PCM is known
as Joule heating, thermoelectric effect also plays a critical
role for additional heating and cooling at the hetero-junction,
particularly for high-current regions such as the write opera-
tion [16]-[18]. As shown in Fig. 1(d), the Seebeck coefficient
of PM is determined to be positive with a negative slope
before 540 K and a positive slope after 540 K. In addition, its
value varies from 122 to 170 ¢K/V in the temperature range
of 300-1000 K [14], [19].

Since TDB is an unwanted crystallization of RESET cells
(amorphous phase) happening due to heat transfer from adja-
cent RESET operations, crystallization kinetics is another
important part of the TDB modeling. The Johnson—-Mehl-
Avrami—Kolmogorov (JMAK) [20]-[22] equation was adopted
for simple crystallization modeling, and the JMAK equation
can be described as
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Fig. 1. (a) 3-D view of simulation structure with 3 WLs by 3 BLs cell
array. PM (light-green), top and bottom electrode (light-blue) and two
orthogonal metal lines (green) are shown. Encapsulating layer, ILD, and
artificial resistive layer are deliberately omitted for the clear view of the
cell structure. (b)—(d) Electric resistivity, thermal conductivity and See-
beck coefficient of PCM, respectively.

where a is the volume fraction of the transformed phase
(crystalline phase in this case), & is the effective rate constant,
t is time and n is the Avrami coefficient. In general, k includes
both the nucleation and growth rates. Instead of considering
the nucleation and growth rate separately, k was determined
as a single-modified Arrhenius term in order to simplify the
modeling and describe the decay of crystallization rate near
melting temperature at the same time [23], which is given by

Ea()‘i‘iz
k =k ———AG" 3
OGXP( kg T (3)
T
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Iy,

where ko is the frequency factor, E,o is temperature-
independent activation energy term, 7, is melting tempera-
ture, A is related to interfacial surface free energy between
amorphous and crystalline phase, AG is the excess Gibbs free
energy of the amorphous phase, and AHy is the enthalpy of
fusion.
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The commercially available Sentaurus technology
computer-aided design (TCAD) device simulator from
Synopsys is used for finite-element modeling. Electric and
thermal transport models, as well as the thermoelectric model
are implemented by built-in models of the Sentaurus TCAD
simulator. Modeling of crystallization was implemented by
the physical model interface (PMI) which allows the user to
compute user-defined external physical models [24]. Instead
of assigning the JMAK equation to the total volume of PCM,
it is assigned to each part of the mesh in order to capture the
crystallization behavior in the cell, which has a nonuniform
distribution of temperature. Computation of crystallization
during the application of the electric current pulse follows
the procedure below.

1) The JIMAK equation is assigned to each finite element

(mesh).

2) For each time step t ~ ¢ +At, the temperature distrib-
ution, when the current flows, is calculated by coupled
electrothermal—thermoelectric models and the temper-
ature of each mesh is determined.

3) Then, the crystallized (transformed) volume fraction of
each mesh is calculated by the JIMAK equation for the
time interval Az at temperature 7.

4) Crystallized fraction of the mesh is updated and then the
above steps are repeated for the next time step.

Crystallized volume fraction of the cell after SET operation
is measured and simulated for various current pulse conditions
as shown in Fig. 2(a). The obtained simulation data set
consisting of RESET-PW, —PH, and the crystalline fraction
are fit to the measured data by adjusting the parameters
of ko, Eq0, A, and n in the JMAK equation to describe the
crystallization behavior. The degree of crystallization in the
observed cells is calculated from the measured resistance by
the effective medium approximation (EMA) [25] assuming a
random formation in a spherical crystalline cluster, which is
described as

Oc — O¢

a—< "¢
oc + 20,

Oq — O¢

1— _ =
+( a)0a+20'e

0 5)
where o is the volume fraction of crystal, o., 0,4, and o, are
the conductivity of crystalline, amorphous phase and measured
conductivity, respectively. o., o4, and o, are obtained from
the maximum, minimum, and measured (victim cell) conduc-
tivity of the cells, respectively. The maximum and minimum
conductivities were measured from the fully crystallized and
amorphized PM. The victim cell’s conductivity (o) is mea-
sured to calculate the crystalline volume fraction (o). In order
to calculate the conductivity of PM, the real cell dimension
was measured and parasitic resistance terms such as resistance
of BL, WL, and top and bottom electrode were excluded using
various test patterns.

The time-temperature—transformation (TTT) diagram cal-
culated by the JIMAK equation for a single mesh is shown
in Fig. 2(b). Since the temperature distribution within the
cell is not uniform, each mesh shows different crystallization
behavior. This collection of crystallization behaviors in the
simulation of SET operation is shown in Fig. 2(d) which is
close to the measured result, Fig. 2(c), for the various PWs
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Fig. 2. (a) Electric current pulse shape used in measurement of
real cell and simulation input. The pulse has 20 ns of rise and fall
time, and the width of the plateau and the height of pulse are varied.
Volume fraction of crystalline with respect to the PW and height is mea-
sured and simulated to verify and calibrate the simulation parameters.
(b) Crystallization behavior depicted by the TTT diagram, which is
calculated by JMAK equations with calibrated parameters. The JMAK
equation is assigned to every mesh. (c) and (d) are measured and
simulated volume fractions of crystalline with respect to various electric
pulse conditions.

and PHs, respectively. In spite of a discrepancy in the low-
current region, the simulation results of the short-pulse region
are in good agreement with the measured crystallization
behavior. The overall results indicate that the crystallization
modeling with a nonuniform temperature distribution was
quite successful. It also confirms that a precise simulation of
TDB was executed and agrees with previous reports that the
crystallization of victim cells initiates from the side portion of
a cell, which is close to the adjacent aggressor cell [8], [26].

1. SIMULATION RESULTS

TDB simulation was implemented and compared with the
measurement results to verify the consistency of the simulation
as shown in Fig. 3. Since TDB originated from heat generation
during RESET operation, if over-RESET happens, TDB will
be overestimated. On the other hand, under-RESET may
reduce TDB, which will lead to an incomplete RESET. There-
fore, we defined the disturbing current (DTC) to indicate the
applied current to the aggressor. In the experiment, the amount
of TDB was defined by measuring the resistance variation of
the victim cell after the application of DTC to the aggressor
cell for RESET operation. The measured resistance change is
converted to the volume fraction of crystalline PM according
to (5). Four different conditions of DTC were applied to
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Fig. 3. Simulation results and experimental data of TDB represented by
crystalline fraction of adjacent victim cells along the x- and y-direction.
PW and PH of DTC are shown in the x-axis. Simulation results are well-
matched with the measured experimental data.

the aggressor, and the crystalline volume fraction of the four
surrounding victim cells were obtained. The same procedure
was applied in simulation, and note that careful consideration
was made while setting the physical parameters. Interface
resistance (RyTr) between PM and electrodes is set to 1.4 kQ
in order to match with the experimental value of IRgSET.-
Considering that the measured total dynamic resistance of the
overall cell stack is 4 kQ, the value of Ritr = 1.4 kQ seems
reasonable.

In the real cell, Irgsgr is determined as the minimum
current for maximum resistance, while in simulation, /RgsgT 1S
defined as the minimum current for the temperature of the
whole cell to be higher than the 7;,. As shown in Fig. 3,
crystalline volume fraction of the victim cell, representing the
amount of TDB, is quite well matched with the measured
value for both x- and y-directions. It is worth noting that the
difference of TDB between the x- and y-direction originated
from the asymmetric cell to cell space along each direction.
Due to the random formation of crystalline inclusions and
percolation effect, such changes in crystalline volume fraction
will significantly affect the total resistance of a cell [27] and
lead to a significant TDB. Particularly, it is worth noting
that the results are also in good agreement for different
DTCs and PWs. While only a 10% increase in DTC causes
the TDB to increase by seven times, an increase in PW by
one order is required to cause a similar increase in TDB. The
results confirm that the overall simulation model works well
and physical parameters are pertinently assigned to match with
the real data.

Based on the consistent results, the scaling trend of TDB,
represented by crystalline fraction of victim cells along the
y-axis, was calculated for different thermal kyp in Fig. 4(a).
The applied pulse shape of DTC is shown in Fig. 2(a). The
PW is set to 1 us and the PH is determined to be 1.1 times
of Irpsgr to complete RESET. In fact, the 1 us PW is
almost 30—100 times longer than the typical RESET PW which
is 10-30 ns, but the effect on TDB is far greater when we con-
sider the heat accumulation during a longer time. The purpose
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Fig.4. (a) Simulation results of TDB for each tech node with varying k_p.
TDB increases as the tech nodes shrink, and the slope of TDB becomes
steeper below 16 nm. Using ILD with low k suppresses TDB significantly.
(b) Temperature profile by distance from the center of the aggressor.
ILD with k = 0.003 W/cm-K is chosen to better show the inflection point
of TDB below 16 nm as shown in (a). The vertical lines represent the
position of the side wall of the victim cell for each tech node.

of 1 us pulse is to simplify simulation and to better match
the experimental results with the calculated results without
unknown parasitic effects of multiple short-pulse conditions.
As intuitively expected, TDB becomes worse in the smaller
tech node, representing the half pitch of the cell array, since the
reduced cell-to-cell distance enhances the lateral heat transfer
than in any other directions. Particularly, one can note that the
TDB increases more steeply below 16 nm. This is a result of
the cell-to-cell distance being so small that the victim cell’s
temperature rapidly approaches the high-temperature region
which is shown in Fig. 4(b), where each data line represents
the temperature profile of each tech node from the center
of the aggressor cell. Vertical reference lines indicate the
location of the nearest sidewall of the victim cell for each
tech node, particularly for kyp = 0.003. It shows the most
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Fig. 5. Simulation result of IregeT for each feature size (tech node).
The scaling trend is quite clear due to the Joule heating of reduced
dimensions. IgRgsgT is also a function of k) _p. Right calculation of IResgT
should be guaranteed to avoid the miscalculation of TDB.

distinctive slope change below 16 nm. It is clear that each
dot, representing the temperature of the sidewall, increases
more steeply below 16 nm, which is in good agreement with
Fig. 4(a) for kp = 0.003 W/cm-K.

Since the temperature gradient in X-PCM is determined by
the heat balance between lateral heat transfer and vertical heat
dissipation, the thermal conductivity of ILD and electrodes
will become more important in scaled devices. For example,
though increasing vertical heat dissipation may be advanta-
geous to reduce TDB, it is unfavorable in terms of the total
power consumption due to the increase of Irgsgr. On the
other hand, blocking lateral heat transfer is expected to bring
a net benefit to reduce both TDB and IrRgsgr. As shown in
Fig. 4(a), when kp is 0.006 W/cm - K [11], almost 10% of
the volume fraction of the victim cell is already crystallized
at 25-nm tech node, and over 40% volume is crystallized at
14-nm tech node. When kjpp is decreased to 0.003 W/cm - K,
the crystallized volume fraction of the victim cell reduces
to 20% for the 14-nm tech node. Further decrease of ki p
down to 0.001 W/cm - K may be able to eliminate TDB even
at the 14 nm feature size. However, it is scarcely possible to
find ILD material with such a low kjp and satisfy conformal
gap-fill. Therefore, in order to remove TDB below 16 nm,
there may need to be a new ILD material and/or the novel
integration technology such as controlling porosity or utilizing
TBL [28], [29] to satisfy low KiLp.

Fig. 5 shows the Irgsgr at each tech node for differ-
ent ki p. Reduction of Irgsgr from smaller tech nodes,
(i.e., smaller feature size) is well understood by the Joule
heating theory, in which heat generation is proportional to
the current square and resistance (hear o< I*R). It is worth
noting that the evaluation of Irgsgr is very important for
TDB extraction in Fig. 4(a), since applying optimal Irgsgr for
each tech node will guarantee the correct calculation of TDB.
Otherwise, an excessive DTC supply larger than 1.1 x IRgsSET
will generate overheating from the aggressor cell, and lead to
an overestimation of the TDB for each tech node.
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Fig. 6. (a) Electric current pulse applied to the aggressor cell and
consequent temperature changes of the victim cell along the x-direction
in the time domain, for the PW of 1, 10, 100 ns. In order for the victim
cell to reach the maximum temperature, there exists a time delay, called
thermal latency. (b) Maximum temperature of the victim cell along the
Xx- and y-directions with respect to PW applied to the aggressor cell. The
result shows that the combined effect of short PW with low kj p can
reduce TDB significantly.

Another possible way to reduce TDB is to shorten the PW
of DTC, i.e., apply the aggressor’s RESET PW as short as
possible, unless the RESET characteristics degrade. As already
emphasized in Fig. 3, the PW of DTC can be critical for
TDB and particularly more sensitive when the PH of DTC is
small. This is because while PH only affects heat generation,
PW affects both heat generation and transfer. For that reason,
when DTC is small, TDB will be more sensitive to PW,
however, when DTC is sufficient TDB will be less sensitive
to PW.

Furthermore, there is an additional benefit of short PW
below a few tens of nanoseconds. As shown in Fig. 6(a), there
is a “time delay” effect, known as thermal latency, from the
heat generation of the aggressors to the temperature rise of
the victim cell. Although the current pulse reached its plateau
region at the aggressor, the temperature of the victim cell
was not saturated yet. An additional 30 ns is required for the
victim cell to reach the saturation temperature. In other words,
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if RESET PW can be made shorter than 30 ns, the total amount
of heat experienced by the victim cell can be decreased.
In Fig. 6(b) the effect of PW on the maximum temperature
of the victim cell is plotted. The maximum temperature of the
victim cell can be decreased by more than 50 K by decreasing
fReSeT to 1 ns for both the x- and y-directions. The effect
of kiLp can be considered to be the same way. Therefore,
the combined effect of short PW of RESET and low ki p
can lower the maximum temperature of victim cells down
by 70-100 K, which is a huge benefit for decreasing TDB.

IV. CONCLUSION

We have presented a new electro-thermal model for TDB
in PCM-based X-point memory and compared the calculation
results with the experimental ones. The model includes cou-
pled electric and thermal transport, thermoelectric effect, and
crystallization model.

The calculated results match well with the experimental
ones even when changing with PH and PW of DTC. Based
on the confirmed simulation model, the scaling trend of TDB
was also predicted. As expected, TDB increases as tech nodes
get smaller, especially below 16 nm, where the increase in
rate becomes faster. Application of low Ky p can significantly
reduce the TDB, but to completely get rid of TDB below
16-nm tech node, we must either use a new ILD mate-
rial or lower kpp by applying TBL or forming airgap.
Application of short RESET PW will be another way to
reduce TDB, and controller technology may also be helpful
to satisfy the product specification for TDB by limiting the
maximum number of RESET operations.

In conclusion, we think that our new model can provide use-
ful insight for the materials development, process integration,
and design of operation algorithms to continue the scaling of
PCM in the future.
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