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Abstract

This study conducts a three-dimensional electro-thermal time-domain simulation for numerical
analysis of cylindrical-shaped phase change memories (PCMs). The influence of chalcogenide
material, germanium antimony telluride (GeSbTe or GST), structure on PCM operation is
explored. GST with vertical structure exhibits promising characteristics. The bottom electrode
contact (BEC) is advanced to improve the operation of PCMs, where a 25% reduction of the
required programming current is achieved at a cost of 26% reduced resistance ratio. The
position of the BEC is then shifted to further improve the performance of PCMs. The required
programming current is reduced by a factor of 11, where the resistance ratio is only decreased
by 6.9%. However, the PCMs with a larger shift of BEC are sensitive to process variation. To

design PCMs with less than 10% programming current variation, PCMs with shifted BEC,
where the shifted distance is equal to 1.5 times the BEC’s radius, is worth considering. This
study quantitatively estimates the structure effect on the phase transition of PCMs and
physically provides an insight into the design and technology of PCMs.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Phase change memories (PCMs) [1-7] are promising in solid-
state memory technologies due to their high resistance contrast,
good endurance, high-speed and low-voltage operation [8, 9],
and well matched Si processes and complementary metal
oxide semiconductor (CMOS) technology. PCM stores data
by a thermal-induced phase transition between conductive
polycrystalline (set) and resistive amorphous (reset) states in
a thin film of chalcogenide material. The germanium antimony
telluride alloy (GeSbTe or GST) used herein is one of the most
commonly used chalcogenide-based phase change materials
with a reversible phase change phenomenon [10, 11]. The
switching is induced by Joule heating due to current flow.
Therefore, the determination of the maximum temperature
of the GST material is crucial in the PCM technology. In
operation of the PCM device, a low required programming
current and high resistance contrast between conductive
polycrystalline (set) and resistive amorphous (reset) states are

0957-4484/09/285701+07$30.00

desired. A low required programming current indicates a low
required power to operate the PCM devices. Device resistance
fluctuation may disturb successful switching operations and
leads to limited device cycle ability, and thus a high
resistance ratio is crucial for PCMs with more programming
cycles [12, 13].

Several schemes have been proposed to reduce the
programming current and increase the resistance ratio of
PCMs, such as reduction of the contact area between
the heating electrode and GST layer [14, 15], bottom
electrode contact engineering [16], increase of GST resistivity
by impurity doping [17] and current concentration by
thermally confined structure [18], and replacing GST by other
materials [19-21]. However, the impacts of GST geometry
and bottom electrode contact on PCM operation are still not
clear. Therefore, this study investigates the dynamic thermal
distribution of cylindrical PCMs by a three-dimensional (3D)
electro-thermal time-domain simulation.

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) The explored cylindrical PCM structure, whose cone angle of the GST alloy ranges from 90° to 45°. The bottom electrode
contact (BEC) is inserted between the GST layer and the W, where the material of BEC is TiN, to improve the operation of the PCMs ((b) and
(c)). The dimensions of the rectangular BEC are 400 nm x 300 nm. The radius () of the cylindrical BEC is 53 and 17 nm.
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Figure 2. Boundary condition for the time-evolutionary
electro-thermal simulation.

Figure 1 shows the simplified structure of PCM to study
the effect of GST angle on PCM characteristics. The GST
structure is a cone with different cone angles, ranging from 90°
to 45°. The GST structure with a 90° GST cone angle exhibits
the best operation performance of all. An experimentally
validated cylindrical PCM with bottom electrode contact is
then simulated to further reduce the impact of imperfect GST
structure. Figures 1(b) and (c) show the cross-section of the
explored PCMs. A bottom electrode contact (BEC) is inserted
between the GST layer and the W, where the material of the
BEC is TiN, to improve the operation of PCMs. The thickness
of the BEC is fixed at 50 nm. The rectangular BEC has a
400 nm x 300 nm area; the cylindrical BECs have 53 and 17 nm
radius (r). The required programming current is minimized at
a cost of reducing the reset-to-set resistance ratio. The position
of the BEC is thus shifted to examine the impact of reducing
the contact area between the GST and BEC.

This paper is organized as follows. In section 2, we
introduce the models to be solved and state the simulation
flow for studying the operation characteristics of PCMs. In
section 3, we examine the structure effects of the PCMs
and propose an improvement approach. Finally, we draw
conclusions and make suggestions for future work.
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Figure 3. A flowchart for solving the coupled electro-thermal model
to obtain the temperature and potential distribution of PCMs.

2. The electro-thermal simulation model

The temperature profile of the GST is estimated by the time-
evolutionary electro-thermal simulation [2—4]. Table 1 shows
the thermal and electrical parameters in the thermal simulation
of PCM, in which the parameters are experimentally feasible.
The computational model consists of a set of coupled Laplace
and heat diffusion equations

V(o -V¢) =0, )]

oT ) 2
PCPE_K'V T =0ol|E|, 2)
where 7T is temperature, ¢ is time, o is the electrical
conductivity, ¢ is the electrical potential, E is electric
field, and p is the density. K and C, correspond to
the thermal conductivity and the specific heat, respectively.
Incorporating proper boundary conditions, as shown in the
figure 2, finite element solution of these partial differential
equations determines the potential and resulting temperature
throughout the storage medium. Figure 3 illustrates the
computational flowchart to solve the coupled electro-thermal
model. First the explored structures are established for the
3D simulation, and apply the finite element method to do
the domain discretization. Then the discretized coupled heat
equation and Laplace equation for temperature and potential
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Figure 4. The (a) potential (b) and temperature distributions of the discretized PCMs with 90° GST cone angle, where a pulse current is input
from the top of the PCM device and then flows through the entire device to ground.
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Figure 5. Temperature distribution of the cylindrical-shaped PCMs with (a) 90°, (b) 73°, (c) 63°, (d) and 45° GST cone angle, where the

boundary temperature is 358 K.

Table 1. A list of the thermal and electrical parameters in the thermal simulation of PCM. We notice that the adopted parameters are

experimentally feasible.

Electric conductivity, o

Thermal conductivity, K Specific heat, C,

Material (1Q 'm™ (WK !'m™) JK 'm™3)
GST (T < 883 K; crystalline)  6.03 x 10* 0.4 1.25 x 10°
GST(T = 883 K; amorphous) 3 0.2 1.25 x 10°
TiN 4.54 x 10° 10 0.7 x 10°
W 7.107 x 10° 174 2.55 x 10°

distributions of the entire structure are solved at the ith time
step. In the next step, the Laplace equation with the calculated
temperature is solved for the temperature-dependent potential
distribution at the ith time step. After that, we go back to solve
the heat equation and Laplace equation for the next (i + 1)th
time step. If the final time step is achieved, the results will be
output.

3. Results and discussion

Figure 4(a) shows the potential distribution for the discretized
cylindrical-shaped PCMs with 90° GST cone angle. A
pulse current of 80 A with 50 ns time duration is input
from the top of the PCM device and then flows though the

entire device to ground. The potential distribution varies
most significantly in the GST alloy, and results in a large
current density in the GST. Thus, the maximum temperature
(hot spot) may occur inside the GST alloy, as plotted in
figure 4(b), and induce the phase transition between conductive
polycrystalline (set) and resistive amorphous (reset) states. A
cross-sectional view of the temperature distribution is plotted
in figure 5(a), where the hot spot temperature is 2476 K.
Without losing generality, under the same programming
current, the temperature distribution for PCMs with various
GST cone angles, ranging from 76° to 45°, are studied in
figures 5(b)-(d). The hot spot temperature is decreased with
smaller cone angle and the position of the hot spot is shifted
toward the bottom of the GST. The location of the hot spot
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Figure 6. Resistance—programming current curves of the studied
PCMs, in which the phase transition of PCMs from the conductive
polycrystalline (set) state to the resistive amorphous (reset) state is
examined. Ry and R show the resistance of the set and reset
states, and the required programming current (/,,) is defined as the
starting point of the phase transition in the R—/ curve.

determines the initial position of the phase transition and the
results show the different starting points of the phase transition
in PCMs with different cone angles.

The phase transition of PCMs from the conductive
polycrystalline (set) state to the resistive amorphous (reset)
state is examined to study the geometrical variation influence
on the operation of PCMs. The resistances of PCMs as a
function of programming current are then studied in figure 6.
The Ry and Ry show the resistance of the set and reset
state, and the required programming current (/,) is defined
as the starting point of the phase transition in the R—/I curve.
As shown in figure 6, the device with 90° GST cone angle
has a lower required programming current than the others.
Also, the steepest slope of the R—I curve during the set-to-
reset transition is observed. The resistance of PCMs under
various programming currents is explored in figure 7(a). As
the programming current is increased, the resistance of the
PCM is increased due to the increased portion of amorphous
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Figure 8. Resistance—programming current curves for the studied
PCMs with and without BEC.

GST. The device with 90° GST cone angle also shows a large
difference of resistance due to its smallest volume of GST. The
large difference of resistance induces a fast transition of the
R—1I curve from the set state to the reset state, as shown in
figure 6. The result also implies a larger resistance ratio of
Rieset/ Rset for PCMs with larger GST cone angle, as plotted
in figure 7(b). The resistance ratio increases with increasing
GST cone angle and then saturates as the GST cone angle
becomes larger than 76°. The resistance ratio of the PCM
with 63° GST cone angle is 90% of the PCM with 90° GST
cone angle, the device with the largest resistance ratio. The
result indicates that, to pursue a higher resistance contrast of
the PCM, the manufacturability should be improved to provide
a higher cone angle of PCMs. However, to compromise the
manufacturability, the device with a cone angle larger than 63°
is acceptable.

Due to the difficulty in achieving the vertical cone angle
of GST, an approach is proposed to reduce the programming
current and improve the resistance ratio by the aid of the
bottom electrode contact (BEC) as shown in figure 1(c), where
a 50 nm thickness TiN material is inserted between the GST
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Figure 7. (a) The resistance and (b) the resistance ratio of PCMs as a function of GST cone angle.
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shifted BEC, where the shift distance ranges from 1r to 2r.
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Figure 10. The (a) required programming current and (b) resistance ratio as a function of the shifted position of the BEC.

layer and the W. This study examines the rectangular BEC
(400 nm x 300 nm) and the cylindrical BEC with 53 and 17 nm
radius (r), as shown in figure 1(c). The cylindrical BEC with
17 nm radius is shifted to examine the impact of reducing the
contact area between GST and BEC. The corresponding R—1
characteristics are simulated in figure 8, where the results of the
required programming current (/,), reduction rate of /,, and
resistance ratio (Rieset/ Rset) are summarized in table 2. The
addition of BEC between the GST layer and W can effectively
reduce the required programming current due to the increased
resistance of the current flow path from the top of the PCM to
ground. For the PCMs with rectangular BEC and 53 nm radius
cylindrical BEC, the improvements are quite similar due to the
same contact area between the GST layer and the BEC. The
I, of the cylindrical one is slightly better due to the smaller
volume and thus higher resistance of the BEC. The I, can be
further reduced by using a cylindrical BEC with smaller radius.
In this study, without losing generality, a cylindrical BEC with
the same radius as the smallest radius of the GST layer (r =
17 nm) is examined. A 25% reduction of I, is achieved. The
result confirms the effectiveness of increasing the resistance of
the PCM in reduction of the required programming current;

however, the resistance ratio of the PCMs with BEC is reduced
by 26% due to the increase of the set and reset resistance. Then,
the position of the BEC is shifted to reduce the contact area
between the GST layer and BEC. Without losing generality,
we use the radius of the BEC as the unit of shifted distance of
the BEC. The characteristics of the 17 nm radius PCM with
shifted BEC (shifted distance: 1r) are further simulated. It is
interesting to find that 7, is reduced by 46%; moreover, the
resistance ratio is higher than the original 17 nm radius PCM.
The shift of the BEC seems to be effective in both reduction of
I, and increase of resistance ratio.

Figure 9(a) presents the PCMs with and without BEC
displacement. The R-I characteristics of the shift distance
ranging from 1r to 2r are studied in figure 9(b) to further
explore the impact of the shifted BEC in PCMs. The
displacement of the BEC can be achieved by shifting the mask
in the formation process of the BEC. I, is significantly reduced
with increasing shift distance of the BEC. The reduction of
the required programming current and the resistance ratio are
plotted in figures 10(a) and (b), respectively. Comparing with
the PCMs without BEC, I, is reduced by a factor of 11, where
the resistance ratio is only reduced by 6.9%. Although the
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Table 2. Summarized operation characteristics for PCMs with and
without BEC.

I, (nA) I, reduction”  Rieeer/ Rt

w/o BEC 1200 — 1.73 x 10*
Rectangle BEC 1080 10% 1.63 x 10*
Cylindrical BEC 1020 15% 1.55 x 10*
(r =53 nm)

Cylindrical BEC 900 25% 1.28 x 10*
(r = 17 nm)

Cylindrical BEC 650 46% 1.37 x 10*

(r = 17 nm, shifted
distance: 1 = 17 nm)

* The I, reduction is the difference of /, normalized by the 1, of
PCMs without BEC.

PCMs with large BEC shift can result in a lower required
programming current and a higher reset/set resistance ratio,
the stability of the required programming current is also an
important issue in the fabrication of PCMs. For example,
when a 10% variation of BEC position (0.1r) is introduced,
the variation of I, for the PCMs with 1r-shifted BEC is about
20 1 A; however, the variation for the PCMs with 2r-shifted
BEC is about 70 uA. The normalized variations for the 1r-
shifted BEC and 2r-shifted BEC are 4% and 64 %, respectively.
Moreover, we notice that 50% of the PCMs with 2r-shifted
BEC may fail due to the separated BEC and GST layer. The
variation of I, as a function of BEC shift position is calculated
in figure 11, where the I, variation increases with increasing
shift position of the BEC. The PCMs with a larger shift of
BEC may become more sensitive to the process variation due
to the larger variation of contact area between the GST layer
and BEC. Therefore, to design PCMs with less than 10% I,
variation, PCMs with shifted BEC, where the shifted distance
is equal to 1.5 times the BEC’s radius, is worth considering.

4. Conclusions

In this study, a 3D electro-thermal time-domain simulation
has been conducted for dynamic thermal analysis of the

cylindrical-shaped PCMs. The effect of nanoscale GST
alloy geometry on programming current and material phase
transition has been investigated. The GST with an ideal 90°
cone angle exhibits the lowest required programming current,
the fastest phase transition characteristic, and the highest
resistance ratio. Since the resistance ratio of the PCM with 63°
GST cone angle is 90% of the PCM with 90° GST cone angle,
the device with the largest resistance ratio, to compromise the
manufacturability, the device with a cone angle larger than
63° cone angle is acceptable. The bottom electrode contact
(BEC) is advanced to improve the operation of PCMs. For
fixed contact area between the GST alloy and BEC, a 25%
reduction of the required programming current is achieved
by reducing the volume of the BEC. However, the resistance
ratio is also reduced by 26%. Therefore, to further improve
the performance of PCMs, the position of the BEC is shifted
to reduce the contact area between the GST alloy and BEC.
Comparing with the original PCMs without BEC, the required
programming current is reduced by a factor of 11, where the
resistance ratio is only decreased by 6.9%. However, we have
to notice that the PCMs with a larger shift of BEC may become
more sensitive to the process variation. Therefore, to design
PCMs with less than 10% programming current variation,
PCMs with shifted BEC, where the shifted distance is equal
to 1.5 times the BEC’s radius, is worth considering. This
study quantitatively estimates the structure effect on the phase
transition of the PCM and physically provides an insight into
the design and technology of PCMs.
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