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Scaling properties of phase-change line memory*
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Phase-change line memory cells with different line widths are fabricated using focused-ion-beam deposited C-Pt

as a hard mask. The electrical performance of these memory devices was characterized. The current—voltage (I-V')

and resistance—voltage (R-V') characteristics demonstrate that the power consumption decreases with the width of

the phase-change line. A three-dimensional simulation is carried out to further study the scaling properties of phase-

change line memory. The results show that the resistive amorphous (RESET) power consumption is proportional to

the cross-sectional area of the phase-change line, but increases as the line length decreases.
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1. Introduction

Phase-change memory (PCM) is a nonvolatile
solid-state memory technology built around the large
electrical contrast between highly resistive amorphous
(RESET) and highly conductive crystalline (SET)
states.!'? It has been considered as one of the most
promising candidates for next-generation nonvolatile
memory because of its low cost, low programing
voltage, and excellent scalability to nanometer.!3~?]
Phase-change line memory is highly suitable for em-
bedded application because of its low process com-
plexity and ease of integration.!*l

It is well known that nanomaterials have prop-
erties that are different from bulk materials of the
same composition because surface and interface atoms
play an increasing role. For example, it is typical
for nanoparticles to have a lower melting temperature
than bulk material. In order to ensure that PCM can
work perfectly as the size of the cell is scaled down,
both scaling properties of the phase-change materials
and scaling properties of the PCM devices need to be
considered. Scaling studies of phase-change materials
have been done on thin films, nanowires, nanoparti-
cles, and PCM devices.''=15] Lee et al.'®! explored

the effects of nanoscaling on the memory-storage ca-
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pability of self-assembled GeaSboTes (GST) nanowires
and found that such nanowires can satisfy many cru-
cial attributes of universal non-volatile memory de-
vices, such as scalability, low power consumption, data
non-volatility, and ultrafast switching. However, these
nanowires were grown by a metal-catalyst-mediated
vapor-liquid—solid method and were single crystals,
which are not compatible with complementary metal
oxide semiconductor (CMOS) technology. Lankhorst
et al.l'") introduced a phase-change line memory con-
cept. This phase-change line memory is conceptually
simple and its required programming power and cur-
rent are low compared with conventional mushroom
PCM structure. Moreover, Chen et al.'8 presented
a bridge-structured PCM device consisting of a nar-
row line of ultra-thin phase-change material bridg-
ing two underlying electrodes and the device concept
provided for simplified scaling to small cross-sectional
area (60 nm?) through ultra-thin (3 nm) films. Both
of these lateral PCM concepts offer the potential for
simplified scaling to smaller cross-sectional areas. In
this letter, we developed a phase-change line mem-
ory fabrication method using focused-ion-beam (FIB)
deposited C-Pt as a hard mask and electrical charac-
terizations were performed. Three-dimensional (3D)
simulation is carried out to further study power con-
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sumption with the scaling of phase-change line mem-
ory.

2. Experiment

The phase-change line memory device fabrica-
tion procedure is schematically illustrated in Fig. 1.
At step (a), an 80-nm tungsten layer is deposited
on a SiOy/Si substrate with dc magnetic sputtering
techniques. At step (b), electron beam lithography
(EBL) and optical lithography are employed to form
nanoscale electrode gaps and microscale electrodes for
The width of the gap is about

), a 100-nm-thick GST layer is

the electrical test.
200 nm. At step (

deposited by sputtering a single alloy target at room
temperature. At step (d), a nanoscale C—Pt line bridg-
ing the tungsten electrode gaps is deposited on the
GST layer using the FIB. The C-Pt deposition pro-
cess has been performed in a dual beam system (FEI
Helios 600). The electron-beam-deposited C-Pt is car-
ried out at the primary beam energy of 5 keV and
beam current of 0.34 nA. Finally, at step (e), reactive
ion etching (RIE) is applied to transfer the pattern
onto the GST layer, adopting C—Pt pattern as a hard
mask. The RIE is performed in the Oxford 80 plus
RIE system, using a CF4/Ar mixture gas with a ra-
tio of 1/4, a background pressure of 80 mTorr, and a
power of 200 W.
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Fig. 1. Phase-change line memory cell fabrication process: (a) deposition of tungsten layer on SiO2/Si substrate; (b)

formation of nanoscale electrode gap by the EBL; (c) GST layer deposition; (d) C-Pt pattern deposition using FIB; (e)
transformation of the C—Pt pattern onto GST layer by the RIE.

'C—Pt/CesSbyTes

Fig. 2. SEM images of (a) phase-change line memory ar-
ray, (b) 100-nm-wide cell, and (c) 200-nm-wide and 400-
nm-wide (inset) cells.

In this way, the small electrode gap defines the
line length (L), the width of the C—Pt pattern defines
the line width (W), and the thickness of the phase-
change material defines the line height (H). Phase-
change line memory cells of different widths with a
height of about 100 nm and a length of about 200 nm
have been obtained, as shown in Fig. 2. Figure 2(b)
shows highly magnified SEM pictures of 100-nm-wide
phase-change line memory cell, and Fig. 2(c) shows
200-nm-wide and 400-nm-wide (inset) ones.

3. Results and discussion

3.1. Electrical characteristics

The electrical performance of memory devices
with different widths was characterized. Figure 3

shows typical I-V curves (dc characteristics) of the
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memory devices. A typical [-V scanning starts from
a re-amorphization state. The voltage increases with
current when the current is low, but a large snap-
back of voltage is observed when the applied current
is higher than a threshold value, indicating that phase
transition from the amorphous state to the crystalline
state occurs. With further increase of current, the I—
V' curve exhibits a typical ohmic characteristic, which
suggests that the cell is in a low-resistance state. Com-
paring the electrical characteristics of devices with dif-
ferent widths as shown in Fig. 3, we find that both
the threshold current (Iiy,) and voltage (Vi) are re-
duced with the line width. For the 400-nm-wide de-
vice, the Iy, almost equals 1.75 pA, and the Vi, al-
most equals 1.9 V. For the 200-nm-wide device, the
Iy almost equals 1.5 pA, and the V4, almost equals
1.27 V. For the 100-nm-wide device, the I, almost
equals 1 pA, and the Vi, almost equals 0.79 V. The
dc power consumptions are calculated to be 0.79 uW
for 100-nm-wide device, 1.9 uW for 200-nm-wide de-
The dc
power consumption for 100-nm-wide device is lower

vice, and 3.3 uW for 400-nm-wide device.

than that for 200-nm-wide and 400-nm-wide devices.
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Fig. 3. I-V characteristics of phase-change line memory
cells with different widths.

Figure 4 shows the pulsed resistance—voltage (R—
V) characteristics (RESET and SET processes) of
phase-change line devices with different widths. The
R-V characteristics were measured by applying a se-
quence of voltage pulses of variable duration and mag-
nitude generated by Agilent 4155B pulse generator,
and the resistance of the memory cell was recorded
at a test voltage of 0.1 V by employing Keithly 2600.
As shown in Fig. 4, by applying a 1000-ns-wide volt-
age pulse, reversible phase change process has been
observed, and the resistance of the RESET state is
three orders higher than that of the SET state. For
100-nm-wide device, the set voltage (Vsgr) is 1.5 V

and the reset voltage (Vrrsgr) is 3.5 V. For 200-
nm-wide device, the Vggr is 2.2 V and the VgRgsgr
is 4 V. For 400-nm-wide device, the Vggr is 2.8 V
and the Virsgr is 5 V. The required dissipated en-
ergy (Ergsgr) for the RESET operation was esti-
mated using the expression treseTVigspT/ Rgpr.19
The required energiesFrpsgr of 100-nm-wide, 200-
nm-wide, and 400-nm-wide devices were calculated to
be 7.7 x 10710, 1.33 x 1079, and 2.08 x 10~? J, which
confirmed the lower power consumption of phase-
change line with smaller width.
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Fig. 4. Typical SET and RESET R-V characteristics of
phase-change line memory cells with different widths.

3.2.3D simulation

In order to gain an understanding of the scal-
ing properties of phase-change line memory, 3D
simulation using finite-element modeling was de-
veloped.  We investigate the scaling perspective
for three main parameters for phase-change line
cells: line width (W), line height (H), and line
length (L). The PCM cell uses Joule heat to
change phase-change materials between SET and
RESET states. The large power consumption

(almost RESET power been

consumption) has

Fig. 5. Schematic of 3D simualtion model of phase-change
line memory.
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the major obstacle to downsize the cell structure. As
sufficient electrical current pulse is applied to the SET-
state phase-change line cell, the Joule heat brings the
line partly into the molten state, and the line is sub-
sequently cooled down by using a nanosecond pulse
trailing edge. A RESET state of phase-change mem-
ory is obtained. The RESET current is the minimum

Table 1. Physical properties of materials used in simulation. !

electrical current to melt the phase-change line in this
simulation. Figure 5 shows the 3D simulation model of
phase-change line memory, and the thermal and elec-
trical properties of materials are given in Table 1. The
boundary temperature is taken as room temperature,
and the interfaces between layers remain in perfect
thermal and ohmic contacts.

20

Electrical Thermal
Material
conductivity/Q~1 - m~1 conductivity/W-m~—1 . K~1
C-GST (Crystalline) 2770 0.5
A-GST (Amorphous) 3 0.2
w 2.0 x 107 178
SiOq 10714 1.4

Simulated RESET current of phase-change line
structures as a function of line width ranging from 20
to 400 nm, for line height of 50, 100, and 200 nm is
shown in Fig. 6. The simulation results show that the
RESET current drops steadily as the line width gets
narrower. Comparing cells with different heights, we
can also find that the RESET current decreases with
the height. In Fig. 7, the simulated and measured
RESET energy consumptions are plotted as functions
of line width, for H = 100 nm and L = 200 nm.
An agreement between the simulation results and the
measured data of our experiment is obtained. It is
well known that the phase transition is based on the
Joule heating effect. The inset in Fig. 7 exhibits the
simulated temperature profile of the cross section of
phase-change line (W = 100 nm, H = 100 nm). The
isothermal contours with the GST melting tempera-
ture (T = 893 K) mark the molten region in the RE-
SET operation. The molten region that overlaps the
entire phase-change line cross section can be judged as
RESET operation completion. For the same operation
current pulse, the heat generation predominantly de-
pends on the resistance of the phase change line. Thus,
the Joule heat increases sharply and the phase-change
material melts easily with decreasing cross-sectional
area (W x H). As a result, the RESET current is
proportional to the cross-sectional area of the phase-

change line.
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Fig. 6. Simulated RESET current of phase-change line
structures as a function of line width ranging from 20 to
400 nm, for H = 50, 100, and 200 nm.
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Fig. 7. Simulated and measured RESET energy con-
sumptions as functions of line width, for H = 100 nm
and L = 200 nm. The inset shows the simulated tem-
perature profile of the cross section of phase-change line
(W =100 nm, H = 100 nm).

Figure 8 shows the simulated RESET current of
phase-change line memory as a function of line length
L, for H = 100 nm and W = 100 nm. We can find
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the RESET current increases as the line length de-
creases. Figure 9 show the temperature profiles along
the length direction of the phase-change line cells of
L =50, 100, and 200 nm. It is clear that the temper-
ature drops faster for a shorter cell. This is because
the thermal conductivity of GST is higher than tung-
sten (Table 1), and the molten volume of a longer GST
line becomes increasingly thermally insulated from the
tungsten electrode. The heat generated by the electri-
cal current used for heating the phase-change material
is less dissipated. As a result, the phase-change mate-
rial can be molten easily, and a lower RESET current
is obtained for a longer cell. Thus, the length of the
line must be considered as the device scaling to obtain
a less power consumption.
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Fig. 8. Simulated RESET current of phase-change line
memory as a function of line length L, for H = 100 nm
and W = 100 nm.
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Fig. 9. Temperature profile along the length direction
of the phase-change line with L = 50, 100, and 200 nm,
H =100 nm, and W = 100 nm.

4. Conclusions

In summary, GST-based phase-change line mem-
ory cells were fabricated using C—Pt as the hard mask.
The detail of the method and the electrical character-
istics of the cell are presented. Both experimental and

simulation results show that the RESET power con-
sumption scales with the cross-sectional area (W x H).
The reduced power consumption was believed to re-
sult from smaller programming volume of the phase
change line. Conversely, the RESET current increases
as the line length decreases because the phase-change
material is increasingly thermally insulated from the
tungsten electrodes.
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