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Phase-change RAM, magnetic RAM, and re-
sistive RAM offer strong scalability, speed, 
and power consumption advantages over 
conventional capacitance-based memory. 
Recent work shows the feasibility of mass 
producing these new devices and their suit- 
ability for next-generation technology.

M emory devices are rapidly approaching the 
technical limit of scalability, which is fuel-
ing interest in new technology. Conventional 
memory such as dynamic RAM (DRAM) and 

NAND flash exploit the capacitance from electrical charge 
stored in the memory cell. As that storage area shrinks, 
these devices must wrestle with the uncontrollable charge 
decrease in the reduced cell area. 

Some researchers are trying to solve that problem by 
adapting new architectures such as vertical NAND in the 
current devices. Others are developing new resistance-
based memory devices such as phase-change RAM (PRAM), 
magnetic RAM (MRAM), or resistive RAM (ReRAM). Relative 
to capacitance-based memory, these nonvolatile memory 
technologies are faster and more easily accommodate scal-
ing to sub-20-nm nodes. Each has its own market segment: 

MRAM has the fastest speed, which places it as a nonvol-
atile alternative to DRAM. PRAM and ReRAM are faster 
than flash memory, which places them as contenders for 
the flash market.

To better understand possible memory choices, semi-
conductor manufacturers should familiarize themselves 
with the key characteristics and current process technol-
ogy of these three new memory types.

PHASE-CHANGE RAM
Researchers have investigated PRAM as a promising 

device for standard interface or storage memory 
applications because of its nonvolatility, relatively fast 
operational speed, and superb scalability.1,2 It basically 
applies two phases of chalcogenide materials: the 
amorphous phase with high resistance and the crystal 
phase with low resistance. In the amorphous phase, 
manufacturers melt the chalcogenide films through 
joule heating and quench the molten state into a frozen 
amorphous state. In the crystal phase, they supply enough 
heat and time to rearrange the chalcogenide element atoms. 

Controlling the write voltage and time can reversibly 
transform the written data from the amorphous phase to 
the crystalline phase. The read data is the result of sensing 
the resistance difference between the two phases. Figure 1  
shows PRAM’s basic structure. Typically, Ge

2Sb2Te5 (GST) 
films are the phase-change material.

What Lies Ahead 
for Resistance-
Based Memory 
Technologies?
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A critical electrical parameter is the 
reset current (Ireset)—the current required 
to melt the chalcogenide film. The device 
must supply a larger current than the 
Ireset, which often translates to a large 
cell transistor size and thus a large chip. 
For PRAM to compete successfully with 
other memory devices, the Ireset must 
decrease as the device scales down. 
In one study of this reduction,3 20-nm 
PRAM showed an Ireset of about 80 micro- 
amperes (mA).

Process technology
The integration process to control 

the Ireset is a central part of PRAM de-
velopment and the source of schemes to accommodate 
down-scaled designs. The writing process involves joule 
heating the chalcogenide film, so reducing the contact 
area between the bottom electrode and the film decreases 
the Ireset. Fabricating a pillar-type bottom electrode contact 
(BEC) early in development is relatively simple, but as the 
design shrinks, a seam or void forms in the pillar structure 
because of the smaller contact area.

Advanced electrode schemes require the deposition of 
a very thin electrode inside the contact, which forms as 
a ring type. The contact area depends on the electrode’s 
thickness, not the contact size, so a significant reduction 
is possible.4 Controlling the electrode’s resistivity further 
decreases the Ireset. Figure 2a shows transition behavior as 
a function of electrode resistivity. Enhanced joule heating 
increases electrode resistivity, which in turn decreases 
the Ireset. However, increased resistivity can also increase 
set resistance, which produces a narrow sensing margin. 
Thus, manufacturers must seek the appropriate tradeoff 
of Ireset and set resistance. 

Controlling the chalcogenide film and its structure is 
also critical in reducing the Ireset. One scheme uses a con-
fined cell structure in which GST films are deposited inside 
the electrode contact hole rather than on the electrode. 
As Figure 2b shows, the confined cell structure greatly 
reduces programming volume, which yields a low reset 
current. Doping the chalcogenide films also improves the 
electrical property. In one application,5 doping increased 
the GST film resistance, thus improving heating efficiency 
and reducing the Ireset. Researchers attributed this high  
resistance to the interaction of the doping and GST 
elements. They found that, in the optimum doping con-
centration, GST films show a low Ireset without the cost of 
high set resistance.

Development status and future trends
Using these advanced cell technologies, we were able to 

develop a full integration scheme for the 20-nm technology 
node. Figure 3 shows the cross-sectional view of the fully 
integrated PRAM device using triple metallization and 

 

Crystalline GST

Top electrode (TE)

Pad metal

 

Top electrode (TE)

Pad metal

Amorphous   

BEC  BEC

Current
pulse

Figure 1. Phase-change RAM (PRAM) basic operation scheme. In the amorphous 
phase, characterized by high resistance, manufacturers melt the chalcogenide 
films through joule heating and quench the molten status into frozen amorphous 
status. The crystal phase, characterized by low resistance, rearranges the 
chalcogenide element atoms. BEC: bottom electrode contact; GST: Ge2Sb2Te5.
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 Figure 2. Decreasing the Ireset (a) transition curves as a function of electrode resistivity and (b) transition curves of normal and 
confined cell structures.
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confined structure. Full integration produced a stable 
transition curve with the Ireset below 100 mA. Retention 
tests for the 20-nm cell array showed the feasibility of 
maintaining stored data for 10 years at 85°C.

Combining an innovative cell scheme and certain 
doping elements can further decrease the Ireset, but thermal 
disturbance will be a critical factor in developing a PRAM 
cell. The joule heating in narrow adjacent cells will require 
a cell structure with a special thermal-blocking scheme 
or doped phase-change materials that are extremely 
thermally stable.

MAGNETIC RAM
MRAM uses tunneling resistance that depends on 

the relative magnetization directions of ferromagnetic 
electrodes.6-8 It is an attractive memory option because 
of its superior scalability, speed, and power consumption. 
Depending on the writing technique, MRAM is classified 
as either field switching or spin-transfer torque (STT-
MRAM)—the latter type being of more interest because of 
its simple structure and excellent scalability.

As Figure 4 shows, the MRAM’s memory cell stack 
comprises a pinned ferromagnetic electrode layer, 
tunneling oxide, and a free ferromagnetic electrode layer. 

When the free layer’s and pinned layer’s magnetizations 
are parallel, the magnetic tunnel junction (MTJ) stack 
exhibits low resistance (R

p). When the two magnetizations 
are not parallel, resistance is high (Rap). The tunnel 
magnetoresistance (TMR) ratio, (Rap − Rp)/Rp, defines the 
sensing margin between data 1 and data 0. 

Magnetization can also be either in-plane (IP) or 
perpendicular to the plane (PP). Each magnetization 
direction has different requirements that need different 
magnetic materials. Recent attention is shifting to PP STT-
MRAM because its lower switching current density and 
improved thermal instability produce better scalability.9,10

Two factors decide how far MRAM can shrink: the 
critical current density ( Jc)—the current density for 
magnetic switching—and the thermal stability factor 
(D), which is closely correlated with retention. Jc should 
be as low as possible to fully exploit MRAM’s low power 
consumption and high density advantages. In contrast,  
D should be as high as possible to guarantee reliable  
device functionality. Adjusting process parameters 
requires a tradeoff between the two.

Integration process
To illustrate the integration process, consider the 

scaling process and the magnetic switching 
properties of a 28-nm MTJ cell. A central 
part of integration is MTJ etching. Because 
of the MTJ cell’s low angle-etching slope and 
its sidewall by-products, much work has 
concentrated on improving technology to 
support MTJ’s patterning process. Figure 5a  
shows the cross-sectional TEM image of 
a 28-nm CoFeB-base MTJ cell using an 
advanced etching technique.11 This process 
produced relatively steep MTJ cells without 
any undesirable side effects. Figure 5b shows 
the TMR value and interfacial perpendicular 
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Figure 3. Fully integrated phase-change RAM device (a) cross-sectional view of bit-line direction, (b) cross-sectional view of 
word-line direction, (c) cross-sectional view of transmission electron microscopy (TEM) cell image, and (d) transition curve of a 
20-nm fully integrated GST cell.
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Figure 4. Magnetic RAM (MRAM) basic operational scheme. (a) Parallel 
magnetization between the free and pinned layers results in low resistance 
(Rp). (b) Magnetization that is not parallel yields high resistance (Rap).
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magnetic anisotropy (i-PMA) energy constants as a function 
of CoFeB free-layer thickness. Figure 5c shows the STT 
switching curve of the MTJ cell at a 100-ns pulsewidth.11 
With the optimal thickness, TMR is 100 percent, Ic is low, 
and magnetic switching is stable.

To overcome the decreased thermal stability factor 
in the small MTJ cell, some developers have proposed 
an advanced dual-interface cell stack that, as Figure 6a  
shows, introduces double magnesium oxide (MgO) 
tunneling layers.12 Figure 6b shows comparative 
switching probability between the dual- and single-
interface stack. Overall, the double interface produced 
more uniform distribution, improving the D value in the 
20-nm MTJ cell size. Figure 6c illustrates the switching 
efficiency (Ic0/D) of the two cell schemes. Measurements 
of Ic0 and D from the extrapolation of Ic as a function of 
pulsewidth show that the dual-interface stack’s switching 

was significantly more efficient.12 The improvement 
might be attributable to the enhanced tunneling source, 
which yielded a low Ic. Regardless of the cause, these 
improvements will make MRAM competitive with 
mainstream memory devices.

Issues and future trends
Even though MRAM technology has recently seen major 

enhancements, challenges remain for sub-20-nm MTJ 
cells, including a degraded TMR ratio during integration,  
a persistently high Ic, and an unsatisfactory D value. 
Future efforts must focus on optimizing the ferro- 
magnetic electrode’s composition, upgrading the MTJ 
stack scheme, and developing advanced MTJ patterning 
technology. With these breakthroughs, STT-MRAM 
could become a formidable competitor in commercial 
nonvolatile memory.
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Figure 5. Magnetic tunnel junction (MTJ) cells. (a) Cross-sectional TEM image of a 28-nm MTJ cell, (b) tunnel magneto-
resistance (TMR) ratio and interfacial perpendicular magnetic anisotropy (i-PMA) energy constants as a function of CoFeB 
thickness, where Ku is the anisotropy energy density and t is the thickness of the free layer, and (c) spin transfer torque (STT) 
switching curves at a 100-ns pulsewidth.
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RESISTIVE RAM
ReRAM, the object of intense study from the 1960s 

to early 1980s, was initially attractive because it can 
vary its resistance according to the applied voltage and 
current. However, high operation voltage and current, 
poor endurance, and poor film-handling technique have 
made resistive memory less favorable than silicon-based 
products.

With remarkable progress in material science, however, 
ReRAM has started to attract the research community’s 
interest once again as a nonvolatile, low-power, high-
density, multibit operating memory technology. In 2002, 
ReRAM first appeared to characterize this memory type, 
stemming from the emphasis on “resistive” results—using 
perovskite oxides such as Pr

0.7Ca0.3MnO3 enabled memory 
switching through pulses of reasonably small voltage and 
current.13 

In 2004, transition metal oxides (TMOs) replaced 
perovskite oxides because of the latter’s critical 
manufacturing limitations, such as their difficult-to-control 
stoichiometry, which is problematic because the substrate 
must have a well-defined crystal structure to achieve 
the required film quality. Perovskite oxides also have 
contamination issues in a conventional CMOS process. 

Figure 7 shows an early TMO design using nickel oxide 
with iridium electrodes. Most manufacturers were already 
using TMOs as high-K dielectric and capacitor materials 
in fabrication lines, so TMO had no contamination issues. 
This was a significant advantage to chipmakers because 
they did not have to invest any additional resources in 
ReRAM fabrication. Consequently, TMOs are the most 
popular material in ReRAM research efforts. 

Also in 2002, developers began using solid electrolyte 
materials with silver or copper ions for another ReRAM 
type—conductive bridge RAM, or CBRAM. CBRAM uses 
diffusive metal ions to make conductive filaments, 

which bridge two electrodes. Oxide-based ReRAM makes 
oxygen ions move back and forth to generate and remove 
low-resistance current paths between two face-to-face 
electrodes. 

With successive technical evolutions in scaling, megabit- 
density ReRAM test chips that use a one-transistor-and-
one-ReRAM cell structure and TMO and CBRAM materials 
are emerging for embedded flash memory applications.14

Applications
Because ReRAM operation is mainly field-induced 

ion migration, it has a relatively slow speed and limited 
endurance, but it also has relatively good data retention 
and a simple cell structure that is easy to manufacture. 
These advantages make ReRAM a strong candidate to 
replace flash memory technology in such applications as 
code storage (NOR flash) and data storage (NAND). 

However, without new integration technologies, ReRAM 
development will face formidable obstacles. ReRAM 
is poised to compete with DRAM-buffered NAND flash 
and PRAM because, although process technology is 
certainly ready for code storage applications, fabrication 
cost remains an issue for these more mature memory 
technologies. The potentially low cost to fabricate 
ReRAM, on the other hand, makes it attractive for large-
scale-integration companies. For example, generating 
an embedded ReRAM layer requires only two additional 
patterning masks after the transistor process.

Data storage like NAND flash has a slight edge over 
ReRAM in power consumption. Even though ReRAM has 
reliability advantages, low operation voltage, and random 
access, its power consumption is higher because it has 
fewer parallel working cells. 

However, the most important feature for data storage 
application is bit density, and new ReRAM technologies 
look promising, as researchers investigate how 3D ReRAM 
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Figure 7. First transition metal oxide (TMO)-based fully integrated cell with one transistor and one ReRAM. (a) Cross-sectional 
TEM image, (b) schematic diagram, and (c) basic circuit diagram.
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architecture can achieve a higher bit density than planar 
structures. Figure 8 shows a traditional 3D cross-point 
array and an innovative vertical ReRAM (VReRAM) 
structure. 

Each of these 3D ReRAM cell structures has its pros 
and cons. One advantage of 3D cross-point ReRAM is 
the ability to insert two-terminal selection devices such 
as diodes to reduce leakage currents without compro-
mising lateral scalability. Positioning peripheral circuits 
under the cell stacks can further improve cell efficiency. 
On the downside, fabrication cost is high because the 
same process must be repeated as often as the number 
of stacks. Researchers have proposed programmable 
switch and neuromorphic applications, but these are 
still nascent.

Future trends
In the past decade, researchers have studied ReRAM 

extensively to confirm its production scalability and  
reliability. Its complex working mechanism—one of 
the hottest topics in material science—is so well under-
stood that accurate model simulation can predict ReRAM  
properties with physical parameters.15 However, for 
ReRAM to be a major memory product, researchers must 
find a way to better control its stochastic nature and vari-
ability. One thing is certain: ReRAM’s production cost 
and reliability will decide its future place in the memory 
market. 

TECHNOLOGY COMPARISON
Table 1 summarizes the key electrical properties of 

PRAM, MRAM, and ReRAM. MRAM can work as nonvola-
tile working memory if it solves scalability issues from 
patterning and thermal stability. PRAM’s nonvolatility, 
random access, and relatively fast speed make it suit-
able as code memory and buffer memory. Even though 
ReRAM is just taking off, it will be a powerful data stor-
age memory technology if researchers can develop a 3D 
stack structure.

A lthough mature memory choices, such as NOR and 
NAND flash, appear to be dominating the market, 
resistance-based memory’s low fabrication cost 

and scalability are compelling to manufacturers. Work is 
already addressing the practical integration solutions and 
identifying ways to overcome obstacles to further scaling. 
PRAM research should focus on atomic layer deposition 
technology, creating a metal shield scheme to control ther-
mal disturbance, and exploring multilevel GST. MRAM 
research should focus on achieving short-free etching and 
finding the optimal ferromagnetic electrode composition. 
ReRAM research must investigate 3D stacks. 

Unseating mainstream memory devices that are en-
trenched in their application niches will require effort. 
For that reason, research should also focus on finding new 
applications that fully exploit resistance-based memory’s 
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unique properties. When solutions and novel applications 
emerge, at least one of these three memory technologies 
will begin to expand its market status. 
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Table 1. Characteristics of major existing and emerging memory devices.

DRAM NAND MRAM PRAM ReRAM

Cell size ~8F2 ~5F2 (SLC) ~8F2 ~4F2 ~8F2 (transistor)
<1 F2 (stack)

Density xGigabit xxGigabit xxMegabit xGigabit --

Latency ~50 ns 20 to ~200 ms ~50 ns ~200 ns ~50 ns to ~1 ms

Bandwidth ~1 GBps ~100 MBps ~1 GBps ~100 MB/s ~100 MBps

Volatility Volatile Nonvolatile Nonvolatile Nonvolatile Nonvolatile

Endurance >1015 >105 >1015 >106 to 10~12 >105

Retention >64 ms >10 years >10 years >10 years >10 years

Application Working memory Data storage 
memory

Working nonvolatile 
RAM

Code memory and 
buffer memory

Data storage memory
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