Nonvolatile, High Density, High Performance Phase Change Memory 
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Ovonyx, Inc. is developing a nonvolatile memory that is potentially denser, faster, and easier to make than Dynamic RAM.  It relies on phase transitions induced by nanosecond heating and cooling of small regions of the memory cell.  Initial target markets are FLASH memory, Embedded memory, and DRAM.
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1. Background

The first observation of changes in the electrical conductivity of a chalcogenide material resulting from a structural change induced by the passage of electrical current was reported 1 in MoS2 nearly 80 years ago.  During the 1950s, the semiconducting properties of a range of crystalline and amorphous chalcogenide alloys were investigated. 2.  In the early 1960s, new reversible phase change materials and electrically and optically programmable devices were reported, 3  and these devices were proposed for use in digital computers as non-volatile memory.  This announcement initiated a significant interest in these applications and widespread research into chalcogenide amorphous semiconductors and their applications followed. 4 Commercial rewriteable optical memory disks using a laser-induced structural phase change in a chalcogenide alloy are now in production.  These disks include 650 Mbyte capacity PD and CD-RW disks and 2.6 Gbyte and 5.2 Gbyte DVD-RAM.  Progress towards commercialization of the electrically programmed memory device has occurred more slowly, but recently, scientists at Energy Conversion Devices, Inc. have reported 5 phase change non-volatile semiconductor memory devices with significantly increased programming speed and reduced programming current compared to the original devices from the 1960s.

A number of recent developments have made it possible to use phase-change semiconductor memory devices as practical high-performance memory elements.  First, alloys exhibiting rapid crystallization have been developed and commercialized for use in rewriteable optical disk applications 6-9 and these multi-component chalcogenide alloys, are well suited for use in semiconductor memory applications as well.  Second, a more detailed understanding of the device behavior exists that permits the engineering of practical memory devices.10  Third, lithographic scaling and processing improvements have yielded lower power devices that can potentially be driven by minimum geometry MOS transistors

Ovonyx, Inc. is now working to commercialize this technology.  We expect to achieve a lower cost and higher performance memory than EEPROM and DRAM.  Due to the simple structure of the device, embedded memory applications should benefit as well.

2. Theory of Operation

Chalcogenide alloys can be designed to be highly resistive semiconductors in the amorphous phase, and highly conductive semimetals in the crystalline phase.  A two-terminal memory element can be built, using these materials, which operates by converting a small volume of the material between these two phases . 


This phase conversion is accomplished by appropriate heating and cooling of the material. Melting the material causes it to lose all crystalline structure  and rapidly cooling it to below its glass transition temperature results in the amorphous phase. The amorphous phase is very stable near room temperature, but the rate of nucleation and growth of crystallites increases exponentially as the melting temperature is approached.  To keep the material from recrystallizing during cooling, the cooling rate must be faster than the crystal nucleation and growth rate.  To switch the memory element back to its conductive state, the material is heated to a temperature between the glass transition temperature and the melting temperature, causing nucleation and crystal growth to rapidly occur.

The crystal nucleation and growth rate depends on the alloy composition and can vary by more than 20 orders of magnitude between materials.  Early chalcogenide semiconductors that were investigated for memory applications had crystallization speeds near a millisecond.  Electronic and optical memories made from such alloys were not a commercial success. To be practical, the rewritable optical disk required an alloy with a crystallization speed near 50 ns.  Work at Matsushita in the mid 1980s led to the development of TeGeSb system which exhibits under 50ns crystallization times, a glass transition temperature above 300C and a melting point above 600C 11-15 .  Optical disks employing these alloys rely on differences in the material's optical characteristics between the crystalline and amorphous phase.  Changes in the electrical properties of these alloys are far more dramatic: electrical conductivity can change by up to 6 orders of magnitude between phases.
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Figure 1. Circuit description of memory array.


To create an electronic memory from these materials, a matrix of isolation transistors must be capable of providing sufficient power to a memory element to melt a portion of the chalcogenide alloy.  These transistors could be connected to the array in the fashion shown above in figure 1.  Thermal insulation of the memory element from the heat sinking substrate and metallization is a key part of accomplishing this feat.  The memory element must have a resistance that biases the MOS transistor to deliver peak power. The resistance of the chalcogenide alloy varies widely depending on its phase and temperature, but when above the glass transition temperature, it is always highly conductive, regardless of its phase. The resistance of the memory element must therefore be tailored by adjusting the resistance of the contacts (RC) adjacent to the chalcogenide material. 

When the material is in the amorphous state, its resistance is too high to allow any significant current to pass, so it would seem that when this phase is present it will not be possible to heat the memory element.  However, when an electric field of approximately 3X105 V/cm is applied, Poole-Frenkel conduction combined with device heating, lowers the material's resistance and it switches into a low impedance state, which persists until after the pulse is removed and the material cools16.  To ensure that the electronic memory device can heat up during a write operation when it is in the insulating state, the write pulse must have a sufficiently high potential to cause this switching.  Conversely, to read the device it is necessary to limit the applied potential so fields of this magnitude are not present.  This ensures that there is a large ratio of current between reading a crystalline or amorphous  device.  Typically ratios above 2 orders of magnitude are observed, allowing a very fast read circuit with high noise immunity to be implemented.

The voltage applied to the memory array (VA) determines the maximum field the memory element can experience, while the row and column select circuitry controls the current through the device. Three modes of operation exist in the memory element; reading, setting, and resetting.

· To read, the electric field must be limited by applying a low voltage VA to the device.  When the access transistor is activated, only a small current will pass if the material is reset to the amorphous state.  If the material is set to the crystalline phase, the applied voltage VA and the resistance of the contact RC will limit the current through the device.  

· To reset the device, the voltage VA must be high enough to ensure that the alloy will switch into a low impedance state.  The access transistor must be biased to allow sufficient current to heat a portion of the material above its melting 

· temperature.  When the current is removed, the small volume of material that has melted will rapidly quench into the amorphous state, typically in less than 2 ns if the thermal time constant of the device has been properly engineered.

· To set the device, the voltage VA must be high enough to ensure that the alloy will switch into a low impedance state.  The access transistor must be biased to an intermediate current level that will heat the material significantly, but not melt it.  The duration of the set pulse must be sufficiently long to permit nucleation and growth of crystallites.  

3. Device Performance and Scaling

There is great concern in the memory industry about the future scalability of memory technologies.  EEPROM memory devices have already encountered fundamental limits in their ability to scale17.  DRAM technology is using increasingly complex cell structure to maintain cell capacitance as the size continues to shrink18.  All memory technologies that rely on charge storage encounter scaling problems as geometry shrinks, since their capacitance gets smaller.  A memory that relies on material's resistivity will not encounter this limitation.

The scaling limit of a phase change alloy memory device may be the minimum amount of material that can reliably undergo a phase transition.  This limit has not been explored, but devices have been made using a film thickness of 50 angstroms and small geometry contacts without observing appreciable changes in device behavior.  It seems that for the near future, the scaling limits of the addressing and isolation means of the memory array will be the dominant concern.

Power scaling is a concern due to the limitations of the memory isolation means.  The power needed to heat the material to the melting temperature depends on the volume of material that must be heated and the insulating properties of the material surrounding this heated region. Additionally, as the surround becomes more thermally insulating, the applied rate of cooling will not cool fast enough to quench into the amorphous state.

A computer simulation of this problem was developed that considers a spherical volume of chalcogenide alloy surrounded by a thermally insulating material.  The power needed to heat the entire region to the melting temperature in 5 nanoseconds was computed along with the time needed to cool halfway back to ambient temperature after the heating pulse was applied, which corresponds to the quench time. 
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Figure 2. Speed power tradeoff vs. device size and insulation

In the figure 2, the results of this simulation are displayed.  Lines connect the results from simulations of constant size and constant thermal diffusivity.  Common materials available as thermal insulators in semiconductor processing are noted along lines corresponding to their thermal diffusivity.  It is evident from this analysis that the power needed to operate the memory goes down dramatically as the device size is decreased.  The quenching time is roughly proportional to the device size as well.  This chart shows that these memory elements exhibit a dramatic reduction in reset power as size is reduced.  The key question now is how this scaling relates to the scaling of the MOS transistor isolation elements.

4. Power limitations of MOSFETS

As MOS transistors are scaled down in size, their channel length and the gate oxide thickness are reduced.  These changes lead to dramatic increases in current density, but they limit the potential that can be applied to the device before breakdown occurs.
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Figure 3. Maximum current and voltage controlled by a minimum sized MOS transistor
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The graphs in figure 3 show some practical values for the maximum voltage and current a minimum feature size MOS transistor can work with.  MOS transistors are not ideal switches.  There is a potential drop of approximately 0.6 Volts across the source and drain of a transistor when it is operating at its peak current.  This introduces a parasitic loss in the peak power the MOS transistor can deliver from the simple product of the voltage and current shown in figure 3.

Figure 4. Power delivered to load by minimum sized MOS transistor
In Figure 4 the maximum power a minimum feature size MOS transistor can deliver to its load is shown.  Comparing this to the power scaling of the device shown in figure 2 makes it apparent that the region of heating needs to be considerably smaller than the lithographic feature size if a minimum feature MOS transistor is going to control it.

One possible solution to this is the use of bipolar transistors, which are capable of considerably higher power density.  This is undesirable, however, since their production cost and size are both larger than a MOS transistor.

5. Device configuration

Initial investigation of device performance was done using devices with the simple structure shown in figure 5.  In this structure, the region of melting for the chalcogenide alloy is constrained by a circular via etched through an insulating layer. Device thickness is established by the thickness of the insulating film, which is considerably smaller than the minimum feature size.  Experimental measurements showed these devices required excessively large currents to reset.
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Figure 5. Early devices using via structure

Device modeling of the structures demonstrated that the excessive current was necessary to heat the low resistance chalcogenide alloy in the presence of the heat sinking  substrate and metal contacts.  Alternative structures such as that shown in figure 6 below were produced that reduced the reset current two orders of magnitude.
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Figure 6. Device using thermally optimized via structure
The via size can be smaller than the effective minimum feature size of the process lithography, and the volume of this thin device is then nearly small enough to make devices that can be switched by MOS transistors.    


Devices using the via structure have been produced that can be reset with less than 300 microamps of current and exhibit an on-to-off current ration of 40:1 over a wide temperature operating range.  They have been rewritten greater than 1013 times before device failure occurs.  An additional potential advantage is that the resistance of the alloy changes continuously as the amount of crystallized material varies, allowing multilevel storage.

Further reduction in current is needed to make high-density memory from this technology.  Alternative device structures are presently being fabricated that reduce the contact area to the chalcogenide material and further improve the thermal insulation of the surrounding environment. 
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Figure 7. Device under investigation
Figure 7 shows one structure currently being investigated..  The bottom electrode contacts the chalcogenide alloy material, forming a ring shaped contact area.  The chalcogenide alloy is deposited in the crystalline phase so it is highly conductive.  The region where phase transition occurs is limited to the chalcogenide material immediately adjacent to the lower electrode.   This reduction in the volume of material being melted reduces the power requirement sufficiently to allow a minimum feature size MOS transistor to easily control the device.  

Detailed modeling of the electrical, thermal, and phase transition behavior of these device structures has suggested numerous alternative structures that will have improved reliability, and will integrate well into a standard CMOS logic or memory process.  

6. device modeling

The behavior of this device is complex and a detailed model is vital to understanding how the device will function when scaled to smaller dimensions.  A three-dimensional finite difference model of the device has been developed and tested using data collected from devices and the bulk properties of the chalcogenide alloy.  

The crystallization dynamics of the chalcogenide alloys have been measured using Differential Thermal Analysis, annealing experiments, electrical pulsing and optical pulsing experiments.  There is a large crystalization exotherm and melting endotherm that play a significant roll in the device behavior.  The electrical properties of the material in the crystalline and amorphous phase were measured with respect to field and temperature.  The thermal properties of the amorphous and crystalline phase have been measured using Photo Deflection Spectroscopy.  The Wiedeman-Franz relationship accounts for the difference in thermal conductivity between the phases of the material.  All these physical measurements show the complex interrelationship between the electric field, temperature and crystalline phase of the material.  This must be accounted for in accurately modeling the device behavior.
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Figure 8. Modeling methodology
The model uses the approach shown in figure 8.  First, the electrical solution of the mesh is computed and from this the power dissipation is found.  The circuit environment surrounding the device is modeled as well to establish the actual current and voltage applied to the device.  Next, the heat equation is solved for a time interval.  Taking too large a time step will limit the accuracy of the calculation, so the interval is varied to maintain accuracy, while completing the overall simulation as fast as possible.  Nonlinear changes in material properties are then computed.  The phase of the alloy is treated as a volume fraction of crystalline material at each point in the mesh.  Based on the current crystal fraction, the temperature and the elapsed time, a new volume fraction is established for each mesh point of chalcogenide alloy.  Electrical conducivity variation due to the phase of the material is computed by using a percolation model of conduction19.

This model has also been used to investigate the behavior of phase change optical disks.  In this case, instead of power being applied electrically, the program models light absorption in three dimensions through the optical stack of a phase change disk.  Motion of the laser above the sample is simulated over the time of the analysis.  The resulting temperature distribution and the nonlinearities and phase transitions in the material are computed in exactly the same way for both the electrical and optical models.

7. Conclusion

Chalcogenide alloy phase change memories are at a point where they may now be competitive with established semiconductor memory technologies.  They offer the potential for nonvolatile operation, DRAM speeds, no device wearout, higher density and lower manufacturing cost than any established technology.


These memory elements are fundamentally different from other semiconductor memories because heating the memory with a rapid electrical pulse alters their resistance.  They are read by a lower amplitude pulse which can easily differentiate the high on/off ratio of device resistance.

Work has focused on reducing the power needed to switch the memory element.  This will allow minimum feature size MOS transistors to control these elements, allowing maximum memory density.  We believe that by improved device structures we will achieve this goal.  New devices are currently being fabricated to demonstrate the feasibility of integrating these memories with MOS transistors.  Device modeling suggests that these devices will meet our goal of low power 

switching and devices will scale along with MOS technology through several generations of lithography.
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