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Thermal design is crucial in designing phase-change memory (PCM) as it is operated by thermal energy.
Among the numerous factors that influence the performance of PCM, geometrical configuration is the
most critical factor as the heat confinement is determined by the effective thermal resistance of the
PCM cell. This study reports the thermal design of T-structured PCM cell with contact diameter of
80 nm. Five design variables, which are the thicknesses of two metal contact layers, two metal electrode
layers, and one phase-change layer, are studied. Cell performance is evaluated in terms of the highest cell
temperature during the reset process. The performance results of the five variables are correlated into a
single equation using the advanced response surface method, which is a modified form of conventional
response surface method. By doing this, one can easily design and define the PCM with the best perfor-
mance under given constraints. Given design ranges, results show that the cell performance is maximum
when the two top metal layers and the bottom metal electrode become thinner while the bottom metal
contact becomes thicker. However, there exists a certain phase-change layer thickness, which is 36 nm in
this study, for the maximum performance to occur.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, considerable degree of research on the
next-generation nonvolatile memory has been made as the techno-
logical barriers of the conventional memory devices are emerging,
i.e. limited feature dimension, volatility, low read/write speed,
complexness, unreliability, high power consumption, etc. [1].
Among numerous candidates for the next-generation nonvolatile
memory device, the phase-change memory (PCM) device has re-
ceived prominent interest in recent due to its non-volatility, fast
speed, low power consumption, scalability, simplicity, reliability,
retentivity, etc. [1-5].

PCM is operated based on the reversible phase-change process
of the chalcogenide material between the amorphous and the
(poly)crystalline state. Phase-change is mediated by localized Joule
heating, which is solely a transient heat conduction phenomenon.
In temporal scale of tens of nanoseconds, the temperature inside
the phase-change layer must reach up to ~900K to change its
phase and to operate properly. Therefore, effective heat captivation
is essential in enhancing the performance of the device and such
temperature rise time can be a direct measure of the device perfor-
mance. Many factors influence the temperature evolution behavior
inside PCM such as material properties, geometrical configurations,
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and input power. Considering fabrication and engineering feasibil-
ity issues, geometrical configuration can be regarded as the major
factor contributing to the device temperature.

To accommodate efficient heat captivation by changing the
geometries, several types of PCM devices have been developed from
the beginning of the PCM research to the most recent, e.g., T-struc-
tured [6-9], I-structured [4-7,10-12], line-type [1], etc. The well-
known T-structured PCM cell consists of a narrow cylindrical
electrode connected to the bottom of the phase-change layer (see
Fig. 1). Localized Joule heating occurs adjacent to the edge of
T-junction as the current is mostly concentrated in such region
while expanding towards the top electrode. Temperature evolution
due to the localized Joule heating is mainly influenced by the geo-
metrical feature size, i.e. thickness of the constituting layers as they
directly determine the total effective thermal resistance of the cell.
Moreover, the thicknesses of the constituting layers strongly influ-
ence each other on the heat transfer behavior. Therefore, it is evi-
dent that one should definitely consider all the geometrical
factors simultaneously when designing and analyzing PCM.

Previously, numerous studies regarding thermal behavior of
PCM for enhancing its performance have been reported [1,4-7].
While there have been few reports on cell optimization of PCM
[11-13], to the best of the authors’ knowledge, no systematic ther-
mal design and optimization regarding multi-geometrical features
with the use of a proper correlation method have been yet
conducted. As explained, this is important when designing the
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Fig. 1. Schematic of phase-change memory cell for simulations.

PCM cell since the various geometrical factors may inter-influence
each other on heat transfer behavior.

Here, we report the thermal design of T-structured PCM cell
with a contact diameter of 80 nm, which is a typical dimension
for a conventional PCM cell [7-10]. Performance of the cell is eval-
uated in terms of the maximum cell temperature at 20 ns during
the reset process as the process exhibits most extreme operating
conditions in electrical as well as thermal aspects. Design variables
consist of thicknesses of five constituting layers, i.e., top metal
contact layer (TiN), top metal electrode layer (W), bottom metal
contact layer (TiN), bottom metal electrode layer (W), and phase-
change layer (Ge;SbsTe;). We correlate the simultaneous depen-
dence of the maximum cell temperature on the thickness of five
constituting layers into a single equation using advanced response
surface method, or o-RSM, an advanced form of the conventional
response surface method, to examine the multi-variable
dependence on cell temperature evolution.

2. Methodologies
2.1. Numerical simulation

Fig. 1 shows a schematic of the PCM cell used in this study. A
conventional T-structured cell with a contact diameter of 80 nm
is employed. The phase-change layer is sandwiched between the
top and the bottom electrodes of TiN and W. Joule heating is given
by reset current of 0.4 mA which is applied between the top and
the bottom W electrodes based on the following transient electro-
thermal conduction equation;

oT
K-N°T+p,J* =pa G g (1)

Table 1
Physical properties of constituting materials.

where T is temperature, k is thermal conductivity, J is current den-
sity, pe is electrical resistivity, pq is density, G, is specific heat, and t
is time. Numerical calculations are conducted using a commercial
multiphysics solver CFD-ACE+ [14]. Quarter modeling is employed
for simpler and faster calculations.

Volumetric properties are presented in Table 1. Ge;Sb,Te; (GST)
is selected as the phase-change material since GST shows the fast-
est operating performance among GeSbTe ternary materials due to
its low phase-change temperature as well as activation energy
[15,16]. In-house measured thermal conductivity [17], electrical
resistivity [18], and density [19] of GST are used whereas specific
heat is adopted from the Ge,Sb,Tes value [8]. Based on Debye-
approximated specific heat [20], the specific heat of Ge;SbsTe;
can be substituted by that of Ge,Sb,Tes due to similar phonon
velocity and atomic number density [17]. Since we conduct studies
on the reset process, we employ (poly)crystalline GST properties.
Volumetric properties of other materials (W, TiN, and SiO,) are
adopted from other references [8,9].

We also consider the thermal boundary resistance since the ef-
fect of the thermal boundary resistance on the evolution of cell
temperature is known to be extremely critical [21]. As the sur-
face-to-volume ratio increases with decreasing feature size down
to submicron regime, surface plays considerable role in heat trans-
port behavior. Therefore, the thermal boundary resistance must be
considered to achieve accurate simulation results [21]. We apply
thermal boundary resistance along the boundaries of the phase-
change layer since heat diffusion predominantly takes place inside
the phase-change layer. Thermal boundary resistance values are
set as follows; thermal boundary resistance between GST and
TiN, Rgst_tin = 6.25 x 1078 m? KW~'; and thermal boundary resis-
tance between GST and SiO5, Rest_sio, = 0.7 x 107 m? KW~ [22].

2.2. Correlations: advanced response surface method (o-RSM)

In methodological aspect, optimization is defined as a pursuit of
assigned design variables that satisfy maximum or minimum
(optimal) objective value under given design constraints. Prior to
obtaining the optimal design variables, one must correlate the
experimental (or analytical) results into a single equation. We em-
ploy such correlation scheme from the well-defined optimization
process, in detail, o-RSM.

The design variables are thicknesses, t, of the five constituting
layers from Fig. 1, which are two W layers (W;op, Wpot), two TiN
layers (TiNop, TiNpoc), and one phase-change layer (GST). The con-
tact size is set a constant because the contact size is generally re-
garded as a parameter that is always favorable when reduced,
and thus the value is determined by the state-of-the-art fabrication
technology. Therefore, to give a feasible optimization process and
results, we set the optimization variables as the thicknesses of five
constituting layers, which can be easily achieved with current con-
ventional fabrication technologies. Therefore, the design range is
determined based on practically fabricable conditions; from
20 nm to 500 nm for ftring, CriN twey and tw,,; and from 20 nm
to 200 nm for tgst. Also, the objective value (or objective function)
is defined as a maximum cell temperature at 20 ns during reset

Material Thermal conductivity (W m~' K1) Electrical resistivity (Q m) Density (kg m~3) Specific heat (J kg1 K1)
Ge;SbyTe;? 0.49 [17] 3.47 x 1074 [18] 5685 [19] 193.55" [8]

TiN [8] 29 1x10°° 5400 599.07

W [8] 178 1.75 x 1077 19,300 133.68

Si0, [8] 1.1 1x10'° 2330 1330.47

2 (Poly)crystalline phase.
b Ge,Sb,Tes.
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process as the cell temperature is a major indicator of the output
performance of PCM cell.

To correlate, we employ o-RSM, which is an advanced form of
the conventional response surface method. As mentioned earlier,
optimization is based on a correlation function between actual val-
ues and response values. Conventional response surface method
normally approximates the correlation function as a full quadratic
equation as follows [23]:

where y is objective function, x is design variable, k is number of de-
sign variables, C is coefficient, and ¢ is random error. It often may
not be feasible to employ the conventional response surface method
when dealing with broad design ranges and/or complex nonlinear
phenomena as the quadratic equation cannot effectively follow
the actual broad and/or complex results.

Therefore, to deal with such shortcomings, a-RSM introduces
functional variables into the objective function [24,25] as follows:
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Fig. 2. Parametric studies on each variable: (a) GST; (b) TiNop; () TiNpor; (d) Wiop; and (€) W, Behavior of a single variable is analyzed while setting the other variables as
constants; tgsr =100 nm, tr,, = 100 nm, trn,, = 200 nm, tw,, = 250 nm, and tw,, = 250 nm. In (a), the green solid line indicates effective thermal resistance regarding
finite lateral thermal diffusion in the GST layer whereas the green dashed line indicate effective thermal resistance regarding infinite lateral thermal diffusion in the GST layer.
Inset indicates plot of Eq. (4). Solid lines imply finite lateral thermal diffusion in the GST layer whereas dashed lines imply infinite lateral thermal diffusion in the GST layer.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The main idea of introducing functional variable is that there
exist certain functional correlations between a variable and the
objective function due to their own intrinsic physical behavior.
By doing this, one obtains a more accurate response surface equa-
tion with broader design range. Functions in the form of X!, log(x;),
sin(x;), exp(x;), etc. can be employed. Detailed procedures of a-RSM
can be found from our previous works [24-26].

3. Results and discussion

To understand the influence of designated variables on the
maximum cell temperature, we conduct parametric studies on
each variable while setting other variables as constants; tgst = 100
nm, trin,, = 100 nm, try,,, = 200 nm, tw,, =250 nm, and tw,, =
250 nm. The results are presented in Fig. 2. As can be seen from
Fig. 2(a), the maximum cell temperature dependence on GST thick-
ness is non-monotonic, but a certain thickness value exists for the
maximum cell temperature to occur. This can be explained in
terms of the effective thermal resistance of the GST layer. By
assuming that the heat mainly flows through cross-plane and ra-
dial directions, the effective thermal resistance of the GST layer
can be described in terms of parallel connection between lateral
thermal resistance and vertical (upward) thermal resistance. Heat
flow through downward direction can be ignored due to finite
thermal boundary resistance. Thermal crosstalk between lateral
heat flows is also neglected since it is minimal. We can calculate
the effective thermal resistance of GST as follows:

Rey = (Rz;g + RZ§r>
-1
= ((LGST/kGST - (test - 27Uct))71 + (test/kost - (mr2)) ]) (4)

where Ry is lateral thermal resistance, R, is vertical thermal resis-
tance, kesr is thermal conductivity of GST (049 W m~ ! K1), Lgsr is
lateral GST length, and r is contact radius (40 nm). Here, Lgst is set
as thermal diffusion length (vo-7~90nm where o=0.4 x
107 m?s~! is thermal diffusivity of GST and 7 =20ns is thermal
diffusion time) since this is an unsteady heat conduction problem
and thereby heat diffuses in limited distance. Plot of Eq. (4) is pre-
sented in the inset of Fig. 2(a).

As the parallel thermal connection is calculated based on Mat-
thiessen’s rule, where the smallest thermal resistance dominates
the total effective thermal resistance, the dominant heat flows
through the lowest thermal resistance direction. In thin GST region
(<40 nm), as tgst increases, the vertical thermal resistance in-
creases whereas the lateral thermal resistance decrease; however,
still the vertical thermal resistance dominates the overall thermal
resistance. As tcst reaches about 40 nm, the lateral thermal resis-
tance becomes smaller than the vertical thermal resistance and
the dominant thermal resistance is reversed. Therefore, although
the vertical thermal resistance increases with tgst, the dominant
lateral thermal resistance decreases, resulting decrease of the
effective thermal resistance and eventually temperature decrease.
As tgst further increases, the actual simulated result tends to level
off around 90 nm while the effective thermal resistance, Eq. (4),
continuously decreases. As mentioned earlier, because this is an
unsteady heat conduction condition, heat diffuses in a limited dis-
tance of about 90 nm. This can be also applied in vertical direction
of the GST layer. In other words, the vertical heat diffusion is also
limited by the thermal diffusion length. Therefore, to give more
realistic conditions, we set a constant value of 90 nm for tgst when
it exceeds 90 nm. The results show that this approximation follows
much better than the simulated results (green solid line in
Fig. 2(a)). Discrepancy of the peak value between numerical results
(35 nm) and Eq. (4) (40 nm) may be attributed to the thermal mass

and the resistance of other constituting layers in the vicinity of the
GST layer.

Temperature behaviors of TiN¢op, Wiop, and Wy layers can also
be explained with an effective thermal resistance concept. How-
ever, due to the varying length scales that the each layer possesses,
peak value shifts even to the outside the given design range, and
Wiop and Wy, layers show rather monotonic decrease with
increasing thicknesses under the design range. This will be dis-
cussed later in detail.

Meanwhile, the maximum cell temperature increases with tr,,
(Fig. 2(c)). This is additionally attributed to the laterally confined
heat flow. TiNyo; layer is shaped like a narrow cylinder with a diam-
eter of 80 nm and is surrounded by a SiO, layer which is a thermal
insulator. Therefore, the lateral thermal resistance should signifi-
cantly increase compared to other layers, thereby making vertical
thermal resistance a dominant factor in determining the effective
thermal resistance. In conjunction with the inset of Fig. 2(a), the
vertical thermal resistance increases with layer thickness, resulting
maximum cell temperature increase with layer thickness.

To find out an optimal configuration that exhibits maximum
cell temperature and suggest thermal design guidelines in design-
ing the PCM cell, we employ o-RSM as a means to correlate all five
variables into a single equation. From Fig. 2, under a given design
range, one would naively determine that the maximum cell tem-
perature occurs when tgst=35nm, tring, = 210 nm,  tyin,, =
500 nm, tw,, =20 nm, and tw,, = 20 nm. However, from the re-
sults obtained by o-RSM, we find a somewhat different thickness
configuration which will be explained in the following.

As mentioned in the previous section, to employ o-RSM, func-
tional behavior of participating variables must be known prior to
correlation. This task can be done using the parametric study results
from Fig. 2. By curve-fitting the results with different kinds of func-
tional domains, we determine that the objective functions of Wy,
Whot, TiNpot, and GST show better fit to log functions whereas the
objective function for TiN, fits the best in its original form. These
functional variables are applied to Eq. (3) for a correlation of 40 indi-
vidual simulation sets that are selectively chosen using D-optimal
method [27]. The response surface equation obtained is as follows:

Toax = —51.22 —0.711 - log(x;) + 0.589 - log(x,) + 0.009 - X3
+58.27 - log(x4) + 1166.5 - log(xs) + 1.043 - log(x1)
-log(x;) + 0.007 - log(x) - X3 — 5.49 - log(x1) - log(x4)
+6.794 - log(x;) - log(xs) — 0.0088 - log(x,) - X3
+1.724 - log(x,) - log(x4) — 3.033 - log(x,) - log(xs)
—0.0034 - x5 - log(x4) — 0.0036 - x5 - log(xs) +40.18
-log(xs) - log(xs) + 0.3043 - log®(x;) — 0.085 - log*(x,)
+5.9%x107°.x2 —20.56 - log”(x4) — 408.22 - log”(xs)  (5)

where X1 is tw,,, X2 1S tw,,» X3 IS Ering,, Xa IS trin,,,, and Xs is test. The
coefficient of each term represents the degree of influence on the
objective function (or the maximum cell temperature). One can eas-
ily predict that tgsr and trin,,, will be the most dependent factors on
the objective function. This equation does not imply any physical
meaning, but is the most accurate full quadratic equation to be fit-
ted on the actual 40 simulation results. We apply this equation to
additional simulations of more than 200 sets for verification. It
can be seen from Fig. 3 that the response surface follows excellent
to the actual simulation results within 0.3% of error. R? and adjusted
R? values are calculated to be 0.978 and 0.976, respectively, which
again represents the excellence of optimized results.

This equation can be a powerful tool in designing the PCM cell
since this equation represents a performance map of the assigned
variables. Given design ranges and constraints, one can easily plot
a map regarding variables of one’s interest. Additionally, one can
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ultimately find an optimal configuration that contributes to the
maximum performance. This is presented later in detail.

Utilizing the optimization technique to Eq. (5), we obtain the
optimal configuration of the design variables which exhibits max-
imum performance. The optimal values obtained for the variables
from Eq. (5) are as follows; tgsr =36 nm, trin,, = 20 nm, trin,, =

CURRENT DENSITY

TEMPERATURE

500 nm, tw,,, = 20 nm, and tw,,, = 20 nm. By substituting such val-
ues into Eq. (5), the predicted maximum temperature is 948.07 K.
Fig. 4 shows simulated temperature and current density distribu-
tions of the optimized cell at 20 ns. The maximum cell temperature
reaches up to 947.6 K in 20 ns, showing average and peak temper-
ature rise rate of 4.7 x 10'°K s~ and 33.2 x 10'°Ks™!, respec-
tively, with a maximum Joule heating rate of 1.65 x 10> Wm™—
(or a maximum current density of 1.52 x 10'* Am™2).

To verify the optimized results, we again conduct parametric
studies on the optimized results by setting all variables constant
to the optimized results except for the certain variable, which will
be parametrically analyzed. Fig. 5 shows parametric studies of each
variable with other variables being constant values of the opti-
mized results. The blue dashed line represents the predicted opti-
mal values. Results show that the predicted optimal values are well
proved to be the maximum output that the device can perform in
the given optimization range.

It is interesting to know that the behavior of TiNop, (Fig. 5(b)) is
somewhat different from prior parametric study (Fig. 2(b)). In de-
tail, the maximum cell temperature occurs at a certain value of
tring, = 210 nm in Fig. 2 whereas another maximum cell tempera-
ture occurs at the lower limit (tri,, = 20 nm). This is attributed to
the coupled interaction between the thicknesses of GST and TiNop
layer on the maximum cell temperature. When the GST layer be-
comes thicker, heat spreading inside the GST layer becomes more
significant. The heated area on the bottom surface of the TiNp
layer is increased in proportion to GST thickness. This makes TiNp

TEMPERATURE

CURRENT DENSITY

Fig. 4. Temperature and current density distributions of an optimized cell at 20 ns during reset process.
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layer less sensitive to lateral heat diffusion, resulting vertical heat
flow dominant. Such modified thermal resistance of TiN,, can be
expressed as follows:

LTiNp

where kriy is thermal conductivity of TiN (29 W m™' K1), oy is
thermal diffusivity of TiN (8.96 x 1076 m? s7!), agsr is thermal dif-
fusivity of GST (0.41 x 10-® m? s™1), and &, is a compensation term
for thermal boundary resistance.

From these equations, when the GST layer is significantly thick

Roer = m (6) (~thermal diffusion length), it is known that the thermal diffusion
TiN o T resT length inside the TiNp layer decreases dramatically as the thermal
5 diffusion length inside the TiNy, layer follows a function of
Rt = \/ZT?N ;t(r(tf;/ac)s.ﬂt £ur) (7) f(test) ~ /1 —c-tig where ¢ is a constant that will eventually
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Fig. 6(a) shows plot of Egs. (6) and (7) as functions of tgsr when
tring, 18 50 nm. As predicted, when GST is thin, the vertical thermal
resistance is smaller than the lateral thermal resistance. Mean-
while, as GST becomes thicker, the lateral thermal resistance dra-
matically decreases, thereby dominating the overall effective
thermal resistance of the TiN, layer. Simulation results consider-
ing such effects are presented in Fig. 6(b) where the peak temper-
ature shift is clearly shown.

The presented results are only a limited case of coupled interac-
tion between the constituting layers. Regarding that the TiNcp
layer in Fig. 2(b) shows the maximum cell temperature at around
210 nm when tgst is 100 nm, other layers besides GST may unam-
biguously influence the performance behavior of the TiNy, layer
which again emphasizes the importance of multi-variable thermal
analysis in designing the PCM cells.

Fig. 7 shows two specific cases on resultant maps of objective
function, i.e. maximum cell temperature, as functions of two differ-
ent variables that are deduced from Eq. (5). In detail, Fig. 7(a) pre-
sents a resultant map as a function of trn,, and tr,, when
tw,, = 20 nm, tw,, =20 nm, and tgsr =36 nm, and Fig. 7(b) pre-
sents a resultant map as a function of tgsr and try,, when
tw,,, = 20 nm, tw,,, = 20 nm, and try,,, = 20 nm. Using these resul-
tant maps, one can easily understand the behavior of multi-
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variable dependence of the objective function, i.e. maximum tem-
perature, and obtain the optimal value directly. Moreover, when
design constraints are given, this can be employed directly in
designing the PCM cell with minimal effort. For example, one can
select any thickness of the TiN, layer under the given design
range (20-500 nm) for designing the best-performing device when
the design range of trjy,,, is constrained by having less than 200 nm
as trin,, IS insensitive to the output performance when tr,,, is
thinner than 200 nm. This implies that the thickness of the TiNop
layer is not a dominant factor when designing the PCM cell in such
a specific case.

It should be noted that there exists a certain reset power which
results in a maximum output performance (or cell temperature).
Fig. 8 shows the maximum cell temperature as a function of reset
power for over 200 different shapes of PCM cells. Since 20 ns is a
temporal scale to be electrically steady whereas thermally unstea-
dy, just by increasing the power will not result in increase of the
maximum cell temperature. Therefore, thermal analysis/design is
critical and thermal optimization should once again be emphasized
in designing the PCM cell. Moreover, in order to investigate the cell
behavior deeply enough to achieve the maximum cell performance
as much as possible, several other factors such as the contact size
and reset time may also be considered. Especially, the contact size
is directly related to the reset current and power consumption of
the device, and owing to the excellent scalability of the PCM cells,
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Fig. 8. Maximum cell temperature vs. input power. Input power is calculated based
on multiplication of input current (0.4 mA) and voltage difference between two W
electrodes. The corresponding voltage difference is also plotted for comparison.

the contact size is a parameter that is always favorable when re-
duced. Therefore, additional studies regarding contact width and
length should be investigated in the future studies.

4. Conclusion

We have conducted the thermal design and analysis of
T-structured phase-change memory cell with a contact diameter
of 80 nm using an advanced response surface method. Device per-
formance was evaluated in terms of the maximum cell tempera-
ture at 20 ns during the reset process. Design variables consisted
of thicknesses of five constituting layers under the given design
ranges. Simulated results of the five individual variables were cor-
related simultaneously using o-RSM within 0.3% error. The results
showed that the output performance was maximum when the two
top metal layers and the bottom metal electrode layer became
thinner whereas the bottom metal contact layer became thicker.
Meanwhile, there existed a certain phase-change layer thickness,
which was 36 nm in this study, for maximum output performance.
These results were caused by the limited thermal diffusion length
as well as the thermal interaction among the constituting layers.
We conclude that the multi-variable thermal analysis and design

can lead to deeper understanding of underlying heat transfer phe-
nomena in PCM cells and thereby design of better-performing
devices.
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