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ABSTRACT
A promising candidate for a scalable Non-Volatile Memory is Phase Change Random Access Memory (PCRAM).
Recently, we have demonstrated the feasibility of a novel PCRAM memory cell concept based on a narrow line of a
doped-SbTe phase-change material. Demonstrator cells can be reversibly reprogrammed between two well-defined
resistance levels on a timescale of nanoseconds using symmetrical write pulses.
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1. Introduction
Phase Change Random Access Memory (PCRAM) is a promising candidate for Flash replacement with the potential to
become a Scalable Unified Memory (SUM) i.e., an embedded memory with merged Flash and DRAM functionality and
advantages, that is scalable to future CMOS generations. There are many feasibility studies on the integration of phase
change memory arrays using different cell concepts and/or doped phase change materials [1 - 4]. The phase change
memory concept relies on the ability to switch a cell between two states by inducing a change-of-state in the material.
During a programming cycle the phase-change material in the memory cell can be transformed from its amorphous to a
crystalline state and vice versa, resulting in a high and low resistance state in the memory cell. Different phase change cell
concepts have been proposed, all relying on the same class of chalcogenide phase change materials, i.e. Ge2Sb2Te5 (GST)
based; the most common one being the Ovonic Unified Memory (OUM), which consists of a vertical resistive electrode in
contact with a layer of phase change material. A lateral concept using GST material has also been proposed [5]. An
alternative concept for a phase change memory cell consists of a line of phase-change material and uses a so-called fastgrowth phase change material [6]. In this paper we describe the suitability and advantages of this alternative concept and
material.

2. Phase Change Concept & Materials
To switch between the two material states, Joule heating during a current pulse increases the temperature of a specific area
of the phase-change film. To switch to the high-resistive amorphous state, a high-amplitude, short RESET-pulse is applied
which increases the temperature above the material melting temperature. The molten state cools down rapidly and is
quenched into the amorphous state. To return the material to a crystalline low-resistive state, a low amplitude SET-pulse
is applied which heats the material above its crystallization temperature (but below the melting temperature) for a time
longer than the material dependent crystallization time.
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It is crucial that the phase-change material shows so-called threshold switching [7] otherwise high SET-voltages would be
needed in order to dissipate sufficient energy for inducing the crystallization. When the electric field over the amorphous
volume exceeds the threshold field, highly conductive filaments are formed within the amorphous material. Within these
filaments, Joule heating will occur, thereby inducing the desired phase transition at relatively low voltages.
Various cell concepts have been proposed and are based around the OUM concept. Figure 1 (a) shows the OUM concept,
where a small vertical electrode is in contact with the phase-change material. Electrodes have to be chosen with suitable
resistivity and that do not interact with the phase change material. When a current is passed through the cell, heating
occurs in a localized area at the phase change material / electrode interface due to the resistance of the phase change
material and the contact resistance. In Figure 1(b) the line concept is compared to that of the Ovonyx concept. In the line
configuration, contact is made to the material via two electrodes at either side of the line. Heating and phase transition
occurs in the middle of the line and the heating is better controlled due to a dielectric environment surrounding the cell.
A well-known material typically used in the case of the OUM and other concepts is Ge2Sb2Te5 (GST). Upon heating this
nucleation-type phase change material crystalline nuclei are formed within the amorphous phase, followed by growth of
these nuclei within the material. However, other types of phase change materials, namely fast-growth materials, used in
the rewritable optical disks formats DVD+RW & DVD-RW are also suitable for memory application. These materials are
based on the SbTe alloy and doped with one or more elements from the series Ge, In, Ag and Ga [8, 9]. For fast-growth
materials crystal growth, with crystallization velocities in the m/s range, occurs from the amorphous/crystalline edges
allowing very fast phase transitions [8]. Figure 2 shows the phase diagram for Ge, Sb, Te alloys. The GST material is
situated along the tie-line between GeTe and Sb2Te3. The doped-SbTe materials are indicated in the bottom right corner.
To compare electrical and structural properties of GST and doped-SbTe materials, we have determined resistivity and
crystal structure of the deposited films. Figure 3 shows a comparison of the temperature dependence resistivity of asdeposited Ge2Sb2Te5 (GST) and doped-SbTe films. As can be seen the GST material exhibits two distinct transitions,
namely from the amorphous to the fcc phase, around 150°C, and from fcc to hcp phase at around 300°C. The doped-SbTe
material exhibits only one transition, namely, amorphous to hcp phase at around 170°C. In both cases, the overall
resistance change between the amorphous and the crystalline state is at least 3 orders of magnitude, indicating that the
doped-SbTe can be used in a memory cell concept.

3. Line Cell Fabrication & Characterisation
To investigate the suitability of the phase change line concept with doped-SbTe material, single line-cells test-devices
were fabricated with line-length in the range 80 – 1200 nm and cross-section varying between 225 - 4900 nm2. A TiN
electrode layer was sputter-deposited on thermal oxide and structured. A thin phase-change layer was sputter-deposited
and structured with e-beam lithography and Reactive Ion Etching (RIE). Finally, a dielectric layer was deposited after
which contact was made to the electrodes via etching and standard bond pad formation. A typical e-beam structured cell is
depicted in Figure 4. Lines of varying lengths and cross-sections were fabricated and tested with a high-speed electrical
set-up.
A typical dynamic I-V curve is presented in Figure 5. A series of 50-ns pulses with increasing amplitude were applied to
the cell and the corresponding current was measured, by measuring the voltage drop over a 1kΩ resistor in series with the
cell. While the cell is in the amorphous phase a relatively low current flows. Around 1.0V snap-back occurs, indicating
that doped-SbTe exhibits threshold switching. As the pulse amplitude is increased, a section of the line is melted. After
slowly cooling, the line crystallizes and a current flows through the cell. For rapid dynamic I-V measurements and to
ensure that the cumulative effects of previous pulses do not influence the cell, we have measured the cell response by
applying one pulse with sloped leading & trailing edges. Figure 6 (a) shows the input pulse, Vi, and output pulse, Vo. The
cell begins in the amorphous phase. As expected, a relativity low output current could be seen during the first 50 ns of the
pulse. However, when the input pulse rises to 1.15 V, a sharp increase in current is observed and corresponds to the
threshold voltage of the cell. As the input voltage decreases the cell becomes crystalline and the output response follows
the input pulse. The current flowing in the cell can be calculated from the output voltage, and consequently the dynamic IV curve can be extracted from one measurement (Figure 6 (b)). Due to the steep change in current around the threshold
voltage, an overshoot is observed in the measurement.

The maximum threshold field was determined by increasing applying consecutive voltage pulse with increasing amplitude
until the complete line length was molten, i.e. the maximum amorphous resistance was reached. It was found that the
threshold voltage increases with increasing line-length and the corresponding threshold field for this doped-SbTe material
was found to be 14 V/µm (Figure 7). This indicates the scaling nature of this concept, i.e., the shorter the line, the lower
the voltage required to obtain the crystalline phase. A line of e.g. 100 nm in length requires 1.4 V in order to overcome the
threshold, which is suitable for application in advanced CMOS nodes. Figure 7 also shows voltage used to RESET the cell
as a function of line-length. The overall trend is that the voltage required for RESET decreases with decreasing linelength.
Another important aspect is whether the cells can be switched rapidly between the two states. Figure 8 shows a typical
measurement of high speed switching between the two resistance states. The darker line shows the voltage applied to the
cell. In order to switch between states a pulse duration of 30 ns was used. To obtain the high resistive, amorphous state
(RESET) and to obtain the lower resistive, crystalline (SET) state voltage amplitudes of 1.4 V and 1.1 V were used,
respectively. The cell is first read, using a voltage pulse of 0.3 V for 30 ns. The corresponding current (lighter curve)
indicates that the cell is in high conductive state. After resetting the cell, the state is read again and shows the cell is now
in the low conductive state. From these experiments, it was shown that the cells could be switched with high speed
between the two resistive states. A unique feature of the fast-growth material cell is that symmetrical pulses can be used to
RESET, SET and read the cell. In a fully integrated memory, this would imply that pulses of the same duration can be
used, and the amplitude would only have to be changed to obtain the SET or RESET state. This would reduce the need for
extra timing circuitry within the memory and decreases the random access write time, determined by the longest of the
SET and RESET pulses. Typical currents needed to switch the cell are indicated, for the RESET, a current of 0.45 mA
was required, which is comparable to reported values [10]. However, our low current could be achieved with a lower
voltage of 1.4 V and hence with a lower power (0.63 mW). From measurements and simulations [6], lower currents can
be obtained (< 0.2 mA) by reducing the length and cross-section of the material and by tuning the dielectric material.
Figure 9 shows a typical cycle endurance test for the line-cells. A resistance difference of 3 orders of magnitude can be
observed over typically 106 cycles. At around 107 cycles, cell properties have changed such that the used RESET-pulse no
longer leads to amorphisation, and in addition the DC-cell-resistance has decreased. Above 108-109 cycles, the line-cell
resistance increases dramatically indicating cell failure. Although a cycle endurance value of 106 is significantly below the
desired value of an ideal unified memory, i.e. >1015, it is still comparable to that of Flash memories that are widely
applied in portable devices and in stand alone memory cards. In order to improve the endurance, work is focusing on the
further optimization of materials and cell configuration.
A 3D simulation of the temperature distribution for the line studied in Figure 8 (length 200 nm and cross-section 400 nm2)
was performed. A 30-ns current pulse with a trailing and leading edge of <1 ns with a power 0.5 mW was applied to the
line. Figure 10(a) shows a top-view and Figure 10(b) shows a cross-sectional view of heat generation in the phase change
line at time = 30 ns. Temperatures around 600ºC are needed to melt the phase change material and it can be seen from the
figure that the temperature in center of the line rises to the melting temperature. The phase change transition, therefore,
will occur in the middle of the line. In our concept, the line is completely surrounded by dielectric and consequently less
power is dissipated to the surroundings, leading to lower programming powers and currents. From the simulation, it can
be observed that heat is confined in the vicinity of the line and heat loss via the metallic electrodes is thus avoided along
with avoidance of material interactions.

4. Conclusion
We have shown that fast-growth materials, doped-SbTe are suitable for use in phase change memory devices. We have
introduced an alternative memory cell concept, which is suitable for low current and low power operation. The dopedSbTe material has a low threshold field, which implies that the cells are scalable and that the concept is promising for
future CMOS generations, in particular for the 45nm CMOS node generation and beyond. Symmetrical, shortprogramming times (<30 ns) can be used for both the RESET and SET pulses, which is an advantage for memory design.
Current work is now focusing on the memory array integration on silicon and optimization of materials and cell
configurations.
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Figure 1: Pictorial cross-sectional representation of two
phase change memory concepts. (a) Ovonic unified
memory concept, showing a vertical heater in contact
with a phase change (PC) layer. (b) The line cell consists
of a line of PC material in contact to two electrodes.

Figure 3: Comparison of the temperature dependent
resistivity of as-deposited Ge2Sb2Te5 (GST) and dopedSbTe films.
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Figure 2: Phase diagram of Ge, Sb, Te based phase
change materials. Showing the most frequently used GST
and the fast growth doped-SbTe materials.

PHWDOOLF
FRQWDFW

Figure 4: A typical e-beam structured line cell. Insert
shows a smaller cell of length 105 nm and width 49 nm.
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Figure 5: Dynamic I-V curve of a line cell with
dimensions 100 nm length and cross-section 625 nm2.
The cell begins in the amorphous state, where little
current can be measured. Around 1.0 V, threshold
switching occurs. Arrows indicate the cycling sequence.
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Figure 7: Threshold field determination for doped-SbTe.
The reset voltage as a function of line length is also
shown.
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Figure 8: High speed switching between the two
resistance states RESET (amorphous) to SET
(crystalline) was observed for a line of 200 nm length and
cross-section 400 nm2

0.8
0.6
0.4
0.2
0

-0.5

0

0.5

1

1.5

2

2.5

Vdut [V]

Figure 6: (a) Input and output response of a typical line
cell. (b) Resulting dynamic I-V curve extracted from the
input, output response.
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Figure 9: .RESET/SET cycle-endurance for a 100 nm by
625 nm2 line cell.

Figure 10: Simulation of the phase transition in a line cell
of 200 nm length, 625 nm2 cross-section (measured in
figure 8), upon application of a 30-ns pulse of power 0.5
mW, which showing at time = 30 ns, the temperature in
the middle of the line is at the melt temperature. (a) top
view (b) Cross-sectional view.

