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� Rely on moving charge in a deep 
enough trap to sufficiently change the 
threshold voltage of the device. 

� Charge has to remain in this “trap” for 
as long as we want it. 

� With technology scaling the amount 
of charge moved typically reduces, 
increasing variability. 

� Vulnerability to single oxide defect 
limits bottom oxide for floating gate 
devices, thereby requiring large 
voltages and making it difficult to 
scale.

� Effectively change the resistance of 
the material, through material 
transformation.

� Material has a relatively high barrier 
to move from one state to another.

� Since this is an intrinsic material 
property, it makes it more amenable 
to scaling.

� Typically use novel materials which 
can be difficult to integrate. 

Charge Storage Memories

Charge Storage vs. Resistance Change NVM

Floating Gate

Resistance Change Memories

Charge storage layer
Bottom 
dielectric

Top dielectric

Gate
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Resistance Change Memories

BL n

BL n+1

WL m WL m+1

Phase change (PCRAM),  Conductive 
Bridge (CBRAM), Ionic Oxide memory, 
Polymer Memory, Molecular memory

PCRAM and CBRAM use similar 
materials: Doped chalcogenide

Typical memory architecture 1T1R
1D1R is also possible with BEOL diode

To WRITE or ERASE selected cell, Turn 
on WL m leaving other WL OFF and force 
current only through BL n

PCRAM and CBRAM are leading candidates because of m aturity, 
scalability and some commonality of materials.
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Comparison of Resistance Change and Charge Based Me mories
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Chalcogenide Based Phase Change Materials

� The change to amorphous from crystalline state is achieved by first melting the material 
and cooling very rapidly to freeze in the amorphous state. Relatively slow heating below 
melting temperature results in crystallization of amorphous material.

� Nucleation dominated and Fast growth materials provide different behaviors in terms of 
speed and stability. They have been used for different DVD types.

� Trade-off between power requirements and high temperature stability. Increased 
stability (higher Tg) is typically only achieved with higher power needs (higher Tm).

High R (1E6 W)
Low Reflectivity

Low R (1E3 W)
High Reflectivity

Nucleation 
dominated

Fast Growth

Crystalline
Amorphous

Dramatic property changes 
across two phases

Tm

Tg
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PCRAM Thermodynamics and Kinetics

• At normal operating temperatures, the 
crystalline phase is thermodynamically stable

• Amorphous state is metastable and is created 
by quenching liquid phase above its melting 
point, Tm.

• Typical GST melting points are in 500C-700C

• There is a barrier that makes the amorphous state 
kinetically stable

• Above glass transition temperature, atoms in glass 
have significant mobility

• Above glass transition temperature, barrier 
decreases and amorphous to crystalline transition is 
faster
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Phase Change Memory:  PCRAM

� At normal temperatures, the crystalline state (SET) is thermodynamically stable. 
However, there is a significant activation barrier to go from amorphous to crystalline 
state. 

� Above the glass transition temperature (Tg) the kinetics are fast enough for rapid 
transition from amorphous to crystalline.

Force current

Amorphous phase (RESET )
High R

Low
Current

Heat above glass
Transition Temp

Longer

Time

Melt and freeze
High current, 
Short Time

Crystalline GeSbTe [GST] 
(SET state) - Low R

Bottom Heater/
Electrode
(Metal n-1)
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Electrode
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SET (Low R)
Crystalline



TMFreescale™ and the Freescale logo are trademarks of Freescale Semiconductor, Inc. All other product or service names are 
the property of their respective owners. © Freescale Semiconductor, Inc. 2006. 8

TPM May 2008

PCRAM Advantages

� Intrinsically, devices have low operating voltages, fast switching, high contrast ratio 
and have excellent endurance as compared to conventional non-volatile memories.

� The reset current is however quite high, in the order of 250-1000 mA.
� However device scaling is an advantage, with a reduction in reset current for 

smaller devices.

Low Voltage device High Roff/Ron Extended Endurance

http://www.ovonyx.com
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Vertical PCRAM Cell Designs

� Different vertical cell designs implemented by companies to be 
implemented in the backend to achieve highest density, and lower reset 
current.

Hitachi, IEDM 2005
Samsung, VLSI 2005 Samsung, ESSDERC 2005 STM, Intel, VLSI 2006

Standard Ring mmmmtrench Pillar

IBM, VLSI 2006
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Planar PCRAM Cell Designs

� Allows considerable reduction in reset current (e.g. <140 mA, Merget et al., Aachen, 
NVMTS2004), because of the greater ability to reduce contact area. Currently only 
implemented with advanced lithographic techniques.

� Typically has a lower density because of the planar structure. 
� May be more suited for fast growth materials.

Lankhorst et al., 
Philips, Nat. Mat., 2005
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PCRAM Challenges

� The biggest challenge for stand-alone PCRAM devices has been the relatively high 
reset currents needed. Various structures and compositional changes have been 
suggested to address that.

� The other challenges are more to do with variability in large arrays due either to 
chalcogenide compositional variation caused during deposition or cycling.

S. Lai, Intel, IEDM2003

Mantegazza et al., U. Milan, ST, 
IEDM2007

High reset current
Variable set times due to 
compositional variation

Kang et al., Samsung 
VLSI2007

Lower endurance due to 
incomplete crystallization
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Conductive Bridge Memory (CBRAM)

� Works on a similar architecture as PCRAM, but involves an oxidizable (Ag or Cu) 
top electrode, which electrochemically forms a conductive bridge in the 
chalcogenide (GeSe or GeS) from the top to the bottom once a threshold voltage is 
achieved. This bridge breaks when the polarity is reversed.

� Resistivity change is > 103 between on and off states. Switching is fast, symmetric, 
non-volatile, and capable of high endurance.

� Unlike PCRAM, the operating currents required are very low. This enables smaller 
cell size due to reduction in size of access device.  

� Could also be used as a dynamic memory like DRAM

-
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CBRAM- Switching Characteristics

� Threshold voltage is around 250 mV, and window is about 400 mV.
� The resistance contrast is 4 orders of magnitude or larger. 
� The on state resistance is defined by the current compliance limit, and reduces linearly as the 

compliance current increases. This can be used as a multibit storage.
� The switching to on state takes place around 10-20 ns, the on-off transition can be carried out 

in < 50 ns, and depends on the current compliance (how strong of a bridge is formed).

Kozicki et al. ASU, NVMTS, 2004

< 70 ns 
transition

I(A)R(ohm)

Vthoff Vthon

Step 1

Step 2

Step 3

Step 4
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CBRAM-Endurance and Data Retention

� Infineon data collaborates stable behavior to at least 106 cycles. Endurance 
up to 1012 has been demonstrated.

� Very small increase in on state resistance over 107 s. Extrapolation predicts 
more than 10 year retention at temperature.  

� No observable temperature dependence on data retention.
• Concerns are ion diffusion and electromigration type loss

Endurance Data Data Retention

Kund et al., Infineon, IEDM, 2005
Symanczyk et al., Qimonda, NVMTS, 2007
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CBRAM Scalability and Multibit Storage

� The device performance is independent of the contact via dimension down to at 
least 35 nm. In contrast, PCRAM behavior varies significantly with heater 
dimensions.

� The on-state resistance can be reduced significantly by increasing the program 
current used to turn the device on.

� This can easily be used for multibit storage because of the large resistance 
contrast.

� The larger current results in a stronger bridge which takes longer to erase. However 
sub ms erase is still possible with the larger current.

Kund et al., Infineon, IEDM, 2005
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Challenges for CBRAM

� Low READ voltages (~ 50-100mV) and relatively small window (400 mV) probably 
requires noise sensitive circuitry, especially at higher temperatures. 

� Window variation with initial forming cycle. 
� Concerns of ion diffusion and electromigration type loss resulting in loss of data 

retention.
� Silver (Ag) is a major diffuser in Si raising manufacturing concerns. Also certain 

chalcogenide based memories cannot survive conventional back-end processing 
temperatures. 

� Array demonstration is just beginning, and process related issues are still being 
discovered.

Kund et al., Infineon, IEDM, 2005
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Other Variants: Oxide Based Resistive Change Memori es

� Various binary and ternary metal oxide based dielectrics typically along with various 
soluble electrodes are being tried which show a memory type effect. Memory effect 
is even observed in SiO2! 

� Mechanism for behavior is not understood, and could be filament formation, 
electron trapping and defect controlled switching, or even phase transition. 

� Some show unipolar switching behavior (e.g. NiO, Baek et al., Samsung, IEDM 
2004) , and often require a high voltage “forming” process. 

� The operating window as well as endurance depends on the inert electrode, as well 
as process and cycling conditions. 

Cu-MoOx Memory Cu-SiO2 Memory

Schindler et al., ASU, IEEE 
Trans. Elec. Dev., 2762, 2007

Lee et al., GIST, APL, 122104, 2007



TMFreescale™ and the Freescale logo are trademarks of Freescale Semiconductor, Inc. All other product or service names are 
the property of their respective owners. © Freescale Semiconductor, Inc. 2006. 18

TPM May 2008

Additional Challenges: Embedding and High Performan ce 

1k (code)
100k (data)

20 – 50 yearsZero Defects
Automotive

-40°C to 150°C

100k10 – 15 years1-100ppm
Industrial

-40°C to 105°C

100k – 1M3 – 5 years1-1000 ppm
Consumer
0°C to 85°C

Endurance 
(Write/ Erase 

Cycles)
Data RetentionFailure Rate

Wild, Freescale, ICMTD2007
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Why Conventional PCRAM is Not Automotive Capable

� The Tg for GST(225) is around 120 C, which means that at 150 C, an amorphous 
bit would turn crystalline in a few hours, and data retention is a major issue.

� The reset current for the standard structure is quite high resulting in large access 
devices. Extensive work done to lower it with different heater structures.

Tg (C)

Retention
Failure by crystal growth
SbTe

Retention
Failure by percolation path
GST-225

T~ 100 +/- 20 C

Redaelli et al., 
IEEE Trans. Elec. 
Dev., 2006

Lankhorst, J. Non. 
Cryst. Sol., 2002
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First Published PCRAM Memory for Auto Applications

� Used Indium (In) doped GeTe to achieve 10 year retention at 150C. 
� Power requirements for reset comparable to conventional GST. 

Morikawa et al., Hitachi, IEDM, 2007
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Summary

� Resistance change memories are an attractive alternative to conventional 
charge based memories as technology scales primarily because of faster 
operation, and lower operating voltages. 

� MRAM and PCRAM are the most mature of resistance change memories
with early production already in place. The mechanism for operation is 
fairly well understood, and there are no major roadblocks with these 
technologies for standalone operation. Ultimately costs and specific 
applications will determine when the transition from charge based 
memories will occur.

� CBRAM and Oxide Based Memories are even more attractive from a 
scalability standpoint, but are still early in the development curve with 
considerable process variability.

� All of these memories require a lot more effort with fundamental changes to 
materials and processes to meet the stringent requirements for embedded 
automotive applications. However transition to resistance change
memories will likely occur at earlier nodes for these applications.
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