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The high programming current density of phase change memory (PCM) is an obstacle for its

scaling and high density chip development. In this paper, an elevated-confined PCM (e-PCM)

with self-aligned oxidation heater was proposed to reduce the programming current density by

increasing the Joule heat and reducing heat loss simultaneously. 200 nm diameter size e-PCM with

self-aligned TiWOx heater was fabricated and tested. The RESET current is 350 lA with 100 ns

pulse and the corresponding programming current density is 1.12 MA/cm2. The low current density

indicates this structure as a promising candidate for high density PCM chip applications. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902872]

Phase change memory (PCM) is one of the best candi-

dates for the next-generation nonvolatile memory.1–4

However, it still faces a number of challenges. Among them,

high RESET current has been identified as the key hurdle

that must be tackled in order to achieve high density array.

To reduce the RESET current, many methods have been

proposed, such as downscaling of contact area,5,6 better ther-

mal confinement,7,8 and improved thermal efficiency with

heater.9–13 Until now, the RESET current has been reduced

to about 100 lA.6 However, even with such progress, the

scaling of PCM array is still limited.6 The key reason is that

the root-cause to hinder the PCM density is the high pro-

gramming current density, instead of the current, required by

PCM cell than that of the selectors can supply. A selector

with much larger size than PCM cell is required to drive

enough current.14,15 Therefore, PCM devices with low cur-

rent density are essential to the development of high density

PCM.

As the RESET operation is a thermal process, the

following fundamental equations based on the linear tran-

sient thermal conduction,16 are widely applied to analyze the

thermal behavior in PCM
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where q is density; c is specific heat; T is temperature; kx, ky,

and kz are thermal conductivities in three dimensions; Q is

the Joule heat per unit volume and per unit time, which is

called heat density; t is time; x, y, and z are coordinates. The

heat generation can be described as follow:17

Q ¼ I2 dL

A
t; (2)

where d is the resistivity, I is the current density, L is length,

and A is the area. From Eq. (1), it can be concluded that the

material properties, including density, specific heat, and ther-

mal conductivity, are critical to reduce the heat loss from

phase change layer (PCL) through metal electrode and

surrounding dielectric. Lowering the thermal conductivity of

material or optimizing the geometry of PCM devices can

reduce the heat conduction from phase change material to

other layers. Equation (2) shows that the Joule heat can be

increased with higher resistivity of phase change material or

electrode.

In this work, based on the above analysis, we propose an

elevated-confined PCM with a self-aligned oxidation heater

to reduce the programming current density by increasing the

Joule heat and reducing heat loss simultaneously. The device

structure is illustrated in Figure 1(a).

Electrical and thermal simulations based on finite ele-

ment method were conducted for elevated-confined PCM

with a self-aligned heater (indicated as e-PCM for simplicity

in the following manuscript) and conventional PCM

(Fig. 1(c)) for comparison. The Via diameter size of the

simulated devices is 200 nm. The layer structure of the con-

ventional PCM is TiW (250 nm)/SiO2 (100 nm)/Ge2Sb2Te5

(50 nm)/TiW (200 nm); while the structure for the e-PCM is

TiW (190 nm)/SiO2 (160 nm)/metal column of TiW (50 nm)/

TiWOx (10 nm)/Ge2Sb2Te5 (50 nm)/TiW (200 nm). The cor-

responding temperature distributions with electric pulse of

50 ns and 1.0 V are shown in Figs. 1(b) and 1(d), respec-

tively. It can be observed that the heat is more difficult to be

conducted away from the PCL in the e-PCM than in the con-

ventional PCM. The peak temperature of conventional PCM

and e-PCM is 579 �C and 643 �C, respectively, which means

the e-PCM has a better thermal confinement. The much

higher peak temperature achieved by the e-PCM also indi-

cates that it has improved heating efficiency, which is due to

the TiWOx heater with increased electrical resistivity and

reduced thermal conductivity than the TiW bottom electrode

in the conventional PCM. The simulation results indicate

a)Electronic addresses: Yang_Hongxin@dsi.a-star.edu.sg and

zhao_rong@sutd.edu.sg

0003-6951/2014/105(21)/213509/5/$30.00 VC 2014 AIP Publishing LLC105, 213509-1

APPLIED PHYSICS LETTERS 105, 213509 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  42.99.164.50

On: Thu, 27 Nov 2014 00:45:51

http://dx.doi.org/10.1063/1.4902872
http://dx.doi.org/10.1063/1.4902872
http://dx.doi.org/10.1063/1.4902872
http://dx.doi.org/10.1063/1.4902872
mailto:Yang_Hongxin@dsi.a-star.edu.sg
mailto:zhao_rong@sutd.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4902872&domain=pdf&date_stamp=2014-11-26


that the e-PCM demonstrates both better thermal confine-

ment and heating efficiency.

The e-PCM devices were fabricated using standard

semiconductor process. To avoid an extra lithography and

deposition process step for the heater, a self-aligned oxida-

tion process was employed to form the heater under PCL.

The fabrication process flow is plotted in Fig. 2. Metal col-

umn (TiW of 30 nm in height) with diameter of 200 nm was

formed on a planar bottom electrode (TiW of 200 nm in

thickness) by reactive ion etching. The etch gas was CF4:O2

of 30:2 sccm, which provided an etch rate of 14.8 nm/min

using a RF power of 80 W. A 50-nm-thick dielectric SiO2

FIG. 1. (a) Schematic illustration and

(b) temperature distribution of e-PCM.

(c) Schematic illustration and (d) tem-

perature distribution of conventional

PCM. Both devices size are 200 nm.

FIG. 2. Fabrication process flow of the e-PCM with a self-aligned oxidation heater.
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was then deposited using a physical vapor deposition (PVD)

system. The resist pillars were then lifted off and pores of

20 nm in height were inevitably formed. The TiW metal col-

umn was subsequently oxidized to form the self-aligned oxi-

dation heater. A 40-nm-thick PCL (Ge2Sb2Te5) followed by

a 10-nm-thick protection TiW layer were then sputtered into

the pores. Finally, a 200-nm-thick TiW layer was deposited

as the top electrode.

A plasma oxidation process was implemented to form

the self-aligned oxidation heater (step 6 in Fig. 2). The oxy-

gen flow rate was 90 sccm. RF power was 150 W and

Inductive Coupled Plasma power was 50 W. The sample was

oxidized for 30 min at room temperature. The oxidation sam-

ple was characterized by X-ray photoelectron spectroscopy

(XPS) and the data is plotted in Fig. 3. It can be seen that

TiWOx is formed on the surface of TiW bottom electrode.

The sputtering rate of TiWOx was around 2.2 nm/min and

the total thickness of the TiWOx heater was about 6.6 nm.

The resistivity of TiWOx is 6.2� 10�5 (X cm), which is

about 10 times higher than that of TiW. The resistivity value

shows that the self-aligned TiWOx oxidation heater is still

conductive and not fully oxidized.

The performance of e-PCM devices was characterized

by a self-built tester. RESET switching was performed on all

devices that were initially at their low resistance states. The

RESET resistance versus current (R-I) curves were measured

with different pulse width as shown in Fig. 4(a). The devices

can be reset from about 30 kX to above 1000 kX with all the

pulse widths ranged from 6 to 100 ns. The RESET current

decreased with the increase in pulse width. With 6 ns pulse

width, the RESET current is around 0.9 mA, while it is

around 350 lA for 100 ns pulse. SET switching was per-

formed on all devices that were initially at their high resist-

ance states. The SET resistance versus current (R-I) curves

were measured with different pulse width as shown in Fig.

4(b). The devices can be set from about 400 kX to around

30 kX with all the pulse widths ranged from 200 to 600 ns.

The SET current decreased with the increase in pulse width.

With 200 ns pulse width, the SET current is around 260 lA,

while it is around 170 lA for 600 ns pulse. Fig. 5(c) shows a

typical I-V curve in the pulsed regime with SET pulse width

600 ns and RESET pulse width 50 ns. For SET process, the

threshold voltage is around 0.9 V. For RESET process, the

RESET voltage is around 1.4 V.

For comparison, conventional PCM devices with

200 nm size were also fabricated and tested. Figs. 5(a) and

5(b) plot the RESET R-I curve of e-PCM and conventional

PCM devices operated with pulse of 10 ns and 50 ns, respec-

tively. It shows that both devices were able to be reset by

10 ns and 50 ns pulses. Compared with the conventional

devices, RESET current was reduced for the e-PCM devices.

With 50 ns pulse, the RESET current was 0.45 mA for the e-

PCM device which is only about half of the current required

by the conventional PCM devices.
FIG. 3. XPS compositional depth profiles of TiWOx/TiW. The TiWOx layer

acts as the heater.

FIG. 4. (a) RESET and (b) SET R-I curves, for 200 nm e-PCM devices with

a self-aligned oxidation heater. (c) A typical I-V curve in the pulsed regime

with SET pulse width 600 ns and RESET pulse width 50 ns.
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As RESET current is much higher than SET current, the

programming current density of PCM devices should be

determined by the RESET current density. The current den-

sity was calculated by RESET current divided by the contact

area between PCL and electrode. For e-PCM devices, the

current density is calculated as 1.12 MA/cm2 for 100 ns pulse

and 1.5 MA/cm2 for 50 ns pulse, which is much lower than

that of the other reported PCM cells (above 10 MA/cm2).6,14

The possible reasons are the better thermal confinement with

elevated-confined structure, and higher heating efficiency

with a self-aligned oxidation TiWOx heater of high electrical

resistivity and the low thermal conduction. This is consistent

with the simulation results.

Utilizing other kinds of oxide interfacial heater layers to

achieve similar improvement has been reported.9–11 With

comparison to the oxide heater, these oxide heaters are pure

dielectric and there are oxide breakdown or filament forma-

tion processes during writing. As the size and location of fil-

ament are not controllable, the uniformity of device to

device is an issue for large scale chip or arrays. However, as

discussed earlier, this self-aligned TiWOx oxidation heater is

a conductor and only partial oxidized, and there are no oxide

breakdown or filament formation processes during SET and

RESET process. Hence, the uniformity of the elevated-

confined PCM with a self-aligned oxidation heater will be

possibly better.

Because the PCL contacts with TiWOx heater in e-PCM

instead of contacting with TiW electrode in the conventional

PCM, the endurance test was conducted to investigate the

interface effect on the devices. Fig. 6 shows the endurance

testing result for the e-PCM devices. SET pulse with 400 ns

width of 0.35 mA and RESET pulse with 15 ns width of

0.7 mA were applied. The e-PCM devices were able to suc-

cessfully switch above 108 cycles with the RESET/SET re-

sistance ratio kept above 100 times. It concludes that the

interface change does not affect the endurance of e-PCM.

In conclusion, 200 nm e-PCM device with a self-aligned

oxidation heater was proposed and fabricated. The RESET

current is 350 lA with 100 ns pulse. Accordingly, the pro-

gramming current density is 1.12 MA/cm2. The program-

ming current density is lower than that of other reported

PCM structures, predicting this structure as a good candidate

for high density PCM chip applications.
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