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Abstract In this paper, multilayer TiN/W with interfacial
nanostructure is used as electrode for application in low-
power phase change memory (PCM). Compared with sin-
gle-layer electrode, multilayer electrode has much lower
thermal conductive due to the interfacial scattering effect.
PCM based on multilayer electrode with different thickness
ratio of TiN and W was fabricated and characterized. The
device properties including operation voltage and endur-
ance depended critically on the multilayer structure rather
than the thickness ratio of TiN and W. The low operation
voltage and long cycle life of multilayer-electrode-based
PCM result from the increase in overall thermal resistance
due to the low thermal conductivity of multilayer electrode.

1 Introduction

To break up the bottlenecks of continuous scaling, a number
of emerging electronic memory technologies are proposed
and considered to be alternatives for replacement of cur-
rently mainstream FLASH for future nonvolatile memory
technologies. These novel electronic memories include
phase change [1], resistive [2], ferroelectric [3], and mag-
netoresistive random access memories [4]. Phase change
memory (PCM) is closest to industry adoption among them
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and has been put into mass production for mobile applica-
tions based on 45 nm technology node [5]. It is noted that
there is a continuously increasing interest in PCM due to the
fact that fundamentally there is no known limit for scaling
the device dimensions even well beyond the sub-10 nm
regime [6]. The principle of PCM is based on chalcogenide
materials that change from a disordered, amorphous struc-
ture to a ordered, crystalline structure when an electrical
pulse is applied. The reversible order—disorder transition
generates a huge resistivity change that can be easily
translated into 0 and 1 states of binary data corresponding to
the high and low resistive states.

In the process of accelerating commercialization of
PCM technology, minimizing the reset current and power
has been the most urgent target since the large program-
ming current limits the cell selector downscaling as well as
the adoption of PCM in many applications [7]. A large
number of research works focus on this problem. Several
approaches in terms of phase change material and cell
structure are proposed and expected to achieve this goal.
To reduce the reset current, one way is to employ phase
change materials with low melting point as well as low
thermal conductivity since phase change materials are at
the heart of PCM. Yoon et al. proposed the SbgsSess
materials with thermal conductivity of 0.2 W/cm K and
melting point of about 560 °C [8]. The reset current of
SbesSess device demonstrated about one order of magni-
tude lower than that of Ge,Sb,Tes (GST). From the point
of view of reducing the thermal conductivity, artificially
superlattice-like nanostructure was applied to phase change
materials such as SbTe/GaSb [9] and SbSe/GaSb [10] for
the low-power PCM. Formation of nanocomposite cluster
is another effective method to reduce the reset current. Lee
et al. [11] reported that the formation of several tens of
nanometer scale clusters of GST self-encapsulated by SiOy
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could reduce the reset current by 32 % due to the thermal
and electrical confinement of the heat and current path as
well as the reduction in the effective volume of the phase-
changing region.

Since reset current decreases with decreasing the effec-
tive contact area between bottom electrode and phase
change layer (PCL), many device structures have been
explored for low-power PCM. The edge-contact-type cell
demonstrated a very low reset current (about 200 pA) with
0.24 pm technology [12]. However, it occupies a large
layout area. Later, the cross-spacer PCM was fabricated and
exhibited a reset current of 80 pA for a 500-nm? cell [13].
The problem associated with this structure is the alignment
tolerance. The “pore” structure is another technology that
shows very small contact area and low reset current [14].
Phase change nanowires are also studied to diminish the
reset current and power since the reset current of PCM
scales with the programming volume. Xiong et al. [15]
reported a self-align PCM nanowires with individual carbon
nanotube electrodes. Such device achieved ultralow pro-
gramming currents, outstanding on/off ratio, and good
endurance. However, it is difficult to ensure the completion
of mass production for these devices. For the lithography-
dependent memory devices, the scaling-down is becoming
more challenging due to the diffraction limitation of optical
lithography [16]. Engineering of electrode is an effective
way to achieve low reset current and power since the high
thermal conductivity of electrode materials such as W and
TiN lead to significant heat consumption. The wasted power
in terms of heat loss along electrode constitutes approxi-
mately 60 % of total energy for reset operation [17]. Wu
et al. [18] reported that the ring structure of TaN/TiN
serving as thermally confined electrode can significantly
improve the heat dissipation as well as the cycling endur-
ance. A 39-nm bottom electrode with a TaN thermal barrier
and 1.5 nm of TiN conductor has demonstrated 90 %
reduction of reset current [18]. Recently, phase change and
dielectric materials were embedded with multilayer struc-
ture for low power by reducing the effective thermal con-
ductivity [9, 19].

In our previous study, the top -electrode with
TiN(5 nm)/W(5 nm) structure was proposed to confine
the heat dissipation and achieve the low power [17].
However, the properties of multilayer structure with dif-
ferent thickness ratio of TiN and W were not yet sys-
tematically studied. And it is unclear whether the low
power can be achieved for PCM based on other compo-
sition of multilayer electrode. In this paper, the thermal
and electrical conductivities of multilayer electrode were
measured, and the thermal stability is estimated. The
device properties of multilayer-electrode-based PCM were
systematically studied.
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2 Experimental

Transient thermoreflectance technique was employed to
measure the thermal conductivity of TiN/W electrode, and
the detail process can be found in our previous study. [17]
Complementary metal-oxide semiconductor (CMOS)
technology with node of 0.18 um was employed to fabri-
cate the mushroom-type PCM cells with W bottom elec-
trode of 190 nm in diameter. The bottom electrode contact
was fabricated by electrochemical plating (ECP) and
chemical mechanical polishing (CMP) processes.
Sequently, the phase change material was deposited and
patterned by sputtering and lithography/etching methods,
respectively. The schematic diagram of the PCM structure
is shown in Fig. 1. Ga,Sb,sTe; film shows fast speed and
brilliant data retention [20, 21]. The switching between
amorphous and crystalline states could be triggered by an
electric pulse as short as 10 ns, and the temperature for
10 year data retention was about 100 °C higher than that of
GST. Thus, 50-nm-thick Ga,Sb,Te; film is employed as
PCL for PCM in this study. The periodical TiN and W
layers were deposited alternately by magnetron sputtering
to form multilayer nanostructure serving as top electrode.
The thickness of each single layer such as TiN (3 nm) and
W (7 nm) (3-7 for short) was controlled by adjusting the
sputtering time. Other PCM cells with top electrode of
TiN(5 nm)/W(5 nm) (5-5) and TiN(7 nm)/W(3 nm) (7-3)
were also fabricated by the same method. The total thick-
ness of top electrode is 50 nm. For comparison, PCMs
based on the conventional electrode with single layer of
50-nm-thick TiN and W were fabricated using the same
technology. Keithley 2602A parameter analyzer and Tek-
tronix AWGS5012b arbitrary waveform generator were used
to measure the device properties of PCMs.

3 Results and discussion
The thermal conductivity of multilayer TiN/W with dif-

ferent thickness ratio is shown in Fig. 2. The thermal
conductivities of 3—7, 5-5, 7-3, TiN, and W are about 0.43,
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Fig. 1 Schematic diagram of PCM structure
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Fig. 2 Thermal conductivities and resistivities of 3-7, 5-5, and 7-3
films

042, 0.44 26.72, and 73.14 W/m K. The measurement
error associated with the thickness of sample and the
genetic algorithms fitting procedure is less than 7 %. The
values of thermal conductivities of single-layer TiN and W
are in agreement with the references [22, 23]. The thermal
conductivity of multilayer TiN/W film is far smaller than
those of single-layer TiN, which is ascribed to the interface
phonon scattering [24-26]. The low thermal conductivity
helps to reduce the heat dissipation through the electrode
and thus to enhance thermal efficiency of PCM cell.

Another important factor relating to power is the resis-
tivity of electrode since large amounts of energy for dis-
sipation will be consumed by its self-heating effect [27].
The resistivities of samples were determined by Hall
measurement system which is based on the Van der Pauw
method. Hall System can be employed for automatic
measurements of resistivity, mobility, and carrier concen-
tration of a wide range of samples. The resistivities of 3-7,
5-5, and 7-3 were about 6.4 x 107>, 1.1 x 107*, and
3.0 x 107 Q cm, respectively, which are comparable
with single-layer TiN (1 x 107*Qcm) and W
(0.6 x 107> Q cm, as shown in Fig. 2. The crystalline
resistivity of PCL is about 3.5 x 1072 Q cm [28], which is
much larger than those of electrodes. Thus, the drive power
originates from the Joule heating produced by the PCL for
set and reset operations. The self-heating energy generating
from electrodes can be neglected due to the low resistivity
of multilayer TiN/W film.

Figure 3a shows the cell resistance versus voltage (R—
V) characteristics of PCMs based on multilayer and single-
layer electrodes. Set and reset operations were reversibly
done at 20 ns pulses. The resistance ratio of reset to set
state achieves at least one order of magnitude. For set
operation, unlike single-layer-TiN- and w-based PCMs
exhibiting a gradual decline in the resistance, 3-7- and
5-5-based ones have a one-step jumping from reset to set
states with the increasing pulse amplitude. It indicates that

3-7- and 5-5-based PCMs possess a more reliable set
operation under shorter pulse. The minimum values of set
voltage are smaller than those of single-layer-TiN- and
W-based ones, as shown in Fig. 3a. The minimum values
of reset voltage are comparable and ranges from 3 to 3.2 V
for 3-7-, 5-5-, and 7-3-based PCMs. Single-layer-TiN-
and W-based PCMs have the reset voltages of 3.5 and 4 V,
respectively. Figure 3b shows the reset voltage distribu-
tions of PCMs with different electrodes. Multilayer elec-
trodes have nearly the same range of reset values which are
smaller than those of single-layer TiN and W electrodes.
The minimum energy necessary for reset operation (Eege)
can be estimated by erSm/RSet X teser- The required aver-
age E.. of multilayer, single-layer TiN and W were cal-
culated to be around 3.6, 5.0, and 12.8 pJ, respectively.
Multilayer structure could be preferable for application in
low-power consumption PCM device. It is suggested that
the multilayer electrode confines heat better than the sin-
gle-layer electrode.

Endurance of device cells is tested since it is another
important figure of merit for PCM. Electric pulse with
2.6 V=200 ns is employed for set operation and 3.8 V-
100 ns for reset operation. Figure 4(a) shows the endurance
distribution results of 3-7-, 5-5-, and 7-3-based PCMs.
The data were collected from five samples. The endurances
of 3-7- and 5-5-based PCMs have the cycle number rang-
ing from 10° to 107. The minimal cycle number (<105 ) of
20 % 7-3-based PCM may be accounted to variation of
fabrication technology and an inappropriate parameter for
operation. The cell resistance distribution at set and reset
states of PCMs is shown in Fig. 4b. The resistance ratio of
reset and set state achieves at least one order of magnitude
for all devices. The cycle life of PCM is measured at high
ambient temperature (120 °C). The electric pulses with
1.8 V=200 ns and 3.6 V-50 ns were alternately applied to
5-5-based PCM for set and reset operations, respectively.
Since the TiN-based PCM requires larger set and reset
voltages for switching (see Fig. 3a), the electric pulses with
2 V=200 ns and 4.2 V-50 ns were employed for endurance
test. Figure 4c shows the endurance distribution of the 5-5-
and TiN-based PCM at 120 °C. 5-5-based PCM exhibits a
longer cycle life than TiN-based one even at high ambient
temperature, suggesting the stable and reliable interface of
multilayer structure. The better endurance performance of
5-5-based PCM results from the low electrical and thermal
stress as a result of low operation voltages [29]. Figure 4d
shows cycle-to-cycle cell resistance distribution at set and
reset states. The set resistance of 5-5-based PCM is smaller
than that of TiN-based one, and the reset resistance is
opposite. Thus, 5-5-based PCM has larger on/off ratio
(about 22.8) compared with TiN-based one (about 13.3). In
addition, the resistance distribution curves seem steeper for
5-5, suggesting its better resistance distribution.
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Fig. 3 a R-V curves of all PCMs under 20 ns for comparison; b reset voltage distributions of PCMs with different electrodes
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Fig. 4 a Endurance distribution results of multilayer-electrode-based PCMs; b cell resistance distribution at set and reset states of PCMs.
¢ Endurance and d cell resistance distributions of the 5-5- and TiN-based PCMs at 120 °C

The switching speed of PCM is limited to the set 25 and 120 °C for the 5-5-based and TiN-based PCMs,
operation time since it requires relatively long time to  respectively. It is shown that the reset resistance decreases
completely crystallize the amorphous region. Figure 5a, b from about 2 x 10° to 3 x 10°> Q, and the set resistance
shows cell resistance as a function of pulse width both at  decreases from around 5 x 10* to 1.5 x 10* Q as the
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temperature increases from 25 to 120 °C for both PCMs,
which results from the existence of lots of thermal energy
for switching at a higher temperature. The pulse width
decreases with the increasing value of voltage for set
operation due to the equivalent energy required to crys-
tallize the programming region. The minimum pulse
width required for set operation is as short as 5 ns (the
limit of instruments) at 25 or 120 °C for both PCMs.
Growth-dominated crystallization mechanism of Ga,Sb,.
Tes could be responsible for the ultrafast switching speed
[20, 30]. With the pulse width of 5 ns, the minimum
voltages of set operation are 2.1 and 2.5 V for 5-5- and
TiN-based devices, respectively, at 25 °C. And they
decrease to 1.6 and 1.8 V at 120 °C (see Fig. 5). It is
shown that 5-5-based PCM has smaller value of set
voltage than the TiN-based one no matter what the
ambient temperature is, further suggesting lower power of
the 5-5-based PCM.

The power consumption of PCM depends critically on
reset operation since reset programming consumes the
largest energy to reach the melting temperature (7,,) of
phase change material. Generally, the minimum power
necessary for reset operation (Ppes) iS proportional to
the overall thermal conductivity (¢'3%") of PCM [31],

Preger = G?gl(Tm - (1)
total

where T,mpien 1S the ambient temperature. And o7y can be
deduced from the parallel thermal conductivities of the
PCL, bottom and top electrodes, namely [27]

Tambiem)

total __ _PCL bottom top
Oty = Otg t 0ty t+O0Tq (2)

where o5, o9®™ and ¢'of are thermal conductivities of

PCL, bottom and top electrodes, respectively.
The relationship between P, ez and the minimum reset
voltage (Viese) can be described as follows

2
Preger = Vreset/Rsel-

(3)

The overall set resistance (Rge) of PCM is dominated by
the PCL. Since the resistivity of multilayer TiN/W is
comparable with those of single TiN and W (see Fig. 2),
Ry of PCM based on TiN/W is approximately equal to that
of PCM based on TiN as well as W. The multilayer TiN/W
has lower reset voltage, as shown in Fig. 3, and thus
demonstrates the lower Ppqge.

Combining Egs. (1)—(3), the reset voltage can be
expressed by

Vieset = \/(0¥%L + O']%(])-;tom + GE?E[) “Ryer - (Tm - Tambienl)-
(4)

It is shown that the reset voltage of PCM depends cru-
cially on the thermal conductivities of the layers. The
thermal conductivity of multilayer TiN/W is much lower
than that of single-layer TiN as well as W, which results in
the lower reset voltage of PCM based on multilayer TiN/
W. Therefore, low thermal conductivity of the multilayer
TiN/W is responsible for low power of the device.

Two-dimensional finite element method was employed
to analyze the thermal distribution of PCM cell. The rela-
tionship among temperature (7), thermal conductivity
(Kw), and electrical conductivity (o) follows the heat
equation

oT
C,— 5
pLp ot ( )
where p, C,, and J are density, heat capacity, and current
density, respectively. The temperature profile in every
subdomain can be obtained by calculating heat flux on
closed surfaces based on Gauss’s law,

Q=/q-dS
A

where Q and q are the distributed power in subdomains and
the heat flux out of subdomain surface S. COMSOL

=Ky -V T+ |J* /o

(6)
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Multiphysics solver was employed to simulate the reset
operation with a pulse of 2.9 V-100 ns. Figure 6a—c shows
the thermal distribution of 3-7-, 5-5-, and 7-3-based
PCMs. Their maximum temperatures are about 770, 780,
and 764 °C, respectively, which are higher than melting
point of PCL (around 600 °C). Thus, the Joule heating
induced by the input pulse is sufficient to melt the origi-
nally crystalline programming region. The molten pro-
gramming area quenching into amorphous state leads to the
abrupt increase in device resistance, as a consequence, the
reset operation is completed. Figure 6d, e is the thermal
distribution of TiN- and W-based PCMs. It is shown that
the maximum temperature is around 400 °C for both

S |
800
400 K

PCMs, less than the melting point of PCL. Thus, the pro-
gramming area is still in crystalline state, and device
resistance remains unchanged. A larger magnitude of input
pulse is required in order to complete the reset operation
for the TiN- and W-based devices. It is suggested that the
multilayer electrode can serve as thermal barrier to ensure
the efficient heat effect on PCL. Figure 6f shows the
temperature profile of PCM in which both top and bottom
electrodes were composed of multilayer TiN/W. The dis-
tributional temperature is higher than other devices (see
Fig. 6) due to the better heat resistant of multilayer elec-
trode. Thus, engineering multilayer interface is an effective
way to restrict the heat loss from the electrode.
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Fig. 6 Thermal distribution simulation of PCM based on: a 3-7, b 5-5, and ¢ 7-3, d TiN, e W, and f both top and bottom electrodes with
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Fig. 7 a Schematic cross-sectional structure of PCM; b temperature profile along the central axis of the device
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In order to visually compare the heat collecting effect of
PCMs, the temperature profile along the central axis of
device is plotted in Fig. 7. It is shown that the single-layer-
TiN-electrode-based PCM has a higher temperature along
the central axis of devices compared with single-layer-W-
electrode-based one due to the low thermal conductivities
of TiN. The thermal profiles almost overlap each other for
3-7-, 5-5-, and 7-3-based PCMs since 3-7, 5-5, and 7-3
have the approximately equal thermal conductivities as
well as the electrical conductivities. It is also shown that
the multilayer-electrode-based PCMs have a higher tem-
perature along the central axis than single-electrode-based
PCMs at the same input pulse of 2.9 V-100 ns, which can
be accounted for the better heat confinement of multilayer
electrode. It is suggested that a lower voltage can complete
the reset operation, and corresponding power is reduced for
multilayer-electrode-based PCMs. The position pertaining
to the maximum temperature shifted to the top electrode
for 3-7-, 5-5-, and 7-3-based PCMs due to the less heat
loss along the top electrode compared to bottom electrode.
If bottom electrode is fabricated by the multilayer construct
as the same as top electrode, the minimum reset voltage
and power would further decrease, as evidenced by its
outstanding temperature profile (marked by “both,” see
Fig. 7b).

Data retention is another important factor to affect the
application of PCM. The relationship between device
resistance and elapsed time was measured at different
holding temperature for 5-5-based PCM cell. Figure 8a
shows the normalized resistance versus isothermal time.
The temperature for 10-year data retention (7';9_,) can be
obtained from the extrapolated fitting curve based on the
Arrhenius equation: ¢ = texp(E,/kgT), where 1, E,, and
kg are a proportional time constant, crystallization activa-
tion energy, and Boltzmann’s constant, respectively. The

failure time (7) is defined as the elapsed time when the
device resistance decreases to half of the original reset
resistance at the holding temperature (7). Figure 8b shows
failure time as a function of reciprocal temperature. It is
shown that the 5-5-based device cell can maintain data for
10 years at about 100 °C, which meets the data-retention
demand of consumer electronics products. E, is calculated
to be about 2.75 eV and to overcome such a large energy
barrier can account for the good data retention of the
device cell.

4 Conclusions

In summary, PCMs based on the multilayer top electrode
with different thickness ratio of TiN and W were fabri-
cated and systematically characterized for performance
improvement. Reversible set and reset operations can be
completed, and the devices demonstrate high operation
repeatability, even at 120 °C. 3-7, 5-5, and 7-3 have
nearly the same operation voltage, state resistance, and
endurance distributions. With the same pulse width, the
minimum set and reset voltages are significantly smaller
than those of single-layer-electrode-based PCMs. The low
power of multilayer-electrode-based PCM results from
the low thermal conductivity of multilayer TiN/W as a
result of the scattering effect. The thermal distribution of
PCM that was simulated by a two-dimensional finite
analysis confirms the low power of multilayer-electrode-
based PCMs. Engineering the electrode with multilayer
structure is an effective way to develop low-power PCM.
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