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Scaling of nonvolatile memories
to nanoscale feature sizes”
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The market for nonvolatile memory devices is growing rapidly. Today, the vast majority of nonvola-
tile memory devices are based on the floating gate device which is facing serious scaling limitations.
Material innovations currently under investigation to extend the scalability of floating gate devices are
discussed. An alternative path is to replace the floating gate by a charge trapping material. The combina-
tion of charge trapping and localized channel hot electron injection allows storing two physically sepa-
rated bits in one memory cell. The current status and prospects of charge trapping devices are reviewed,
demonstrating their superior scalability. Floating gate as well as charge trapping memory cells suffer from
severe performance limitations with respect to write and erase speed and endurance driving system over-
head. A memory that works like random access memory and is nonvolatile would simplify system design.
This, however, calls for new switching effects that are based on integrating new materials into the mem-
ory cell. An outlook to memory concepts that use ferroelectric switching, magnetic switching, phase
change, or other resistive switching effects is given, illustrating how the integration of new materials may
solve the limitations of today's semiconductor memory concepts.
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1. Introduction

Driven by the demand in mobile devices, the market for nonvolatile memories is
growing rapidly [1]. Figure 1 shows the market development expected until 2010. In
recent years, floating gate flash memories have evolved as the mainstream nonvolatile
memory solution. Traditionally, the flash market is divided into two parts. In code
flash it is important to execute software directly from the flash memory, therefore fast
random access is required. Typical applications for such memories are cellular
phones, where the software of the phone as well as user data can be stored on the
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same flash device. In the data flash arena large amounts of data are transferred be-
tween the memory and system. Performance is therefore achieved by handling large
amounts of data in parallel.
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Fig. 1. Market development in terms of bit consumption for code and data flash memories
in comparison to DRAM memories for the years 2004—2010

Typical applications here are memory cards for digital still cameras or USB sticks.
Dynamic random access memories were traditionally used as the technology driver for
the semiconductor industry. Since the 1Gb generation, data flash memories have caught
up with DRAM and recently data flash is scaling ahead of DRAM in terms of density as
well as minimum feature size [2]. To achieve the required 10 years of retention, how-
ever, the tunnel oxide cannot be scaled below 6 nm. Moreover, the coupling between
floating gates will narrow down the available window between different states of
a memory cell. These effects will limit further scaling of floating gate devices, which is
today’s workhorse of nonvolatile memories. This paper discusses the scaling down of
nonvolatile memory cells, with focus on material innovations essential for extending
nonvolatile memory scalability down to a feature size of tens of nanometers.

2. Floating gate devices

In Figure 2, basic structures of a floating gate memory cell are shown together
with a brief explanation of the cell operation as well as main programming and erase
mechanisms. The amount of charge present on a floating gate determines the thresh-
old voltage of the transistor. By sensing the current at an appropriate gate voltage, two
states of the cell can be discriminated according to the current that will flow through
the cell. Electrons can be transferred to the floating gate using either channel hot elec-
tron injection or Fowler—Nordheim tunnelling. In channel hot electron programming,
the current is passed trough the channel by applying both a high drain as well as
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Fig. 2. Floating gate memory cell: a) schematic
cross section showing the main materials involved,
b) basic operation showing how charges on the
floating gate modify the /-} characteristics,
¢) to transfer charge from the channel to the floating
gate, either channel hot electron programming or
Fowler—Nordheim tunnelling may be used
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a high gate voltage with respect to the source. At the drain side of the device, some of
the electrons may have enough energy to surmount the potential barrier between the
silicon and tunnel oxide and can be injected into the floating gate. In Fowler—Nord-
heim tunnelling, a high field is applied between the channel and floating gate, leading
to the reduction of the effective barrier for electrons.
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Fig. 3. Basic architectures for flash memory arrays: a) NOR, b) NAND
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Figure 3 shows the main array architectures which can be implemented in this ba-
sic cell [3]. In the NOR architecture, each cell is connected to a separate bitline by
a bitline contact. This allows fast random access. In the NAND architecture, however,
an individual cell is connected to the bitline through a string of 16 or 32 cells. This
leads to a very small physical cell size, since contacts to the source and drain regions
are shared between all 16 or 32 cells of one NAND string. The high series resistance
created by the series connection of the cells leads to slow random access, which has to
be compensated by massive parallelisation.

Looking into the future, floating gate memories are facing serious scaling limita-
tions. A general issue is the non-scalability of the tunnel dielectric. To maintain the
required nonvolatile retention, the tunnel dielectric has to be thicker than 6 nm [4].
Further scaling can only be obtained by radically reengineering the tunnel barrier.
Materials with a higher electric permittivity constant, such as HfO,, ZrO,, etc., which
are currently investigated in logic transistors, could help. Crested barriers [5] could
further improve the basic memory cell by increasing the ratio between on and off cur-
rents, leading to much faster write times as well as lower programming voltages.
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Fig. 4. Schematic presentation of crested barriers: a) conventional barrier,
b) crested barrier, ¢) an approximation of a crested barrier by a staircase function

Figure 4 shows the principle of such an approach. Since a crested barrier is not
achievable with materials having the required barrier heights, a staircase approxima-
tion using three layers with different band offsets as well as different electric permit-
tivities is a reasonable approach. In the optimum structure, the centre layer would
have a high band offset and a high electric permittivity and the surrounding layer
a lower band offset as well as a lower electric permittivity. In most materials, how-



Scaling of nonvolatile memories to nanoscale feature sizes 37

ever, a high band offset is correlated with a low electric permittivity and vice versa,
making the optimum choice very difficult. A stack consisting of SizN4/Al,O3/SizNy
could be areasonable and producible compromise [6]. Another serious constraint is
that in the current cell architecture, the inter-poly dielectric together with the wordline
has to fit into the space between two floating gates (see Fig. 5a).
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Fig. 5. Cross section of a floating gate cell along the wordline: a) today’s solution with an ONO interpoly-
dielectric, b) scaled down version with a high-£ interpolydielectric and low-k decoupling dielectric

With the currently used triple dielectric consisting of SiO,/Si;N4/SiO,, with a total
thickness of about 15-20 nm, this will limit cell scaling. Without using the floating
gate sidewalls a high-£ dielectric will be required to achieve the necessary coupling
between the control gate and floating gate. Furthermore, a low-k dielectric will be
necessary to decouple two neighbouring floating gates (see Fig. 5b). Typical materials
are very similar to the ones discussed for gate dielectrics in conventional MOS tran-
sistors, including HfO, and Hf/Al microlaminates [7]. While scaling down the floating
gate device, the spacing between floating gates will continuously decrease. This leads
to a higher capacitive coupling between floating gates, resulting in cross talk between
cells. This calls for a material with a lower electric permittivity between the floating
gates, like that already shown in Fig. 5b, which also has to be implemented in the area
between the word lines. Replacing the silicon nitride spacer of the cell transistor by
a silicon dioxide spacer as shown in [8] may already help to significantly reduce the
effect. In the long term, real low-k materials will be necessary.

3. Charge trapping devices

A natural way to extend the scalability of a floating gate device is to replace the
charge storing floating gate by a dielectric material, in which the charges are stored in
deep traps. The main drawback of this approach is that electrons that are erased via
the bottom oxide by either electron or hole tunnelling may be replaced by electrons
tunnelling from the control gate trough the top oxide to the nitride. This will lead to
erase saturation, which limits the erase speed at a given thickness of the bottom oxide.
A very thin bottom oxide of the order of 1 nm is not practical, since the retention re-
quirement cannot be achieved. This was the biggest obstacle for the commercial suc-
cess of charge trapping devices. New materials can greatly help improve this issue.
A high-k top oxide can reduce the voltage drop across the top oxide and a high work
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function gate can increase the potential barrier for electrons that travel across the top
oxide. For the top oxide, Al,O; or a combination of Al,O; and HfO, are the best can-
didates [9], and As gate electrodes p' have the potential of drastically improving the
situation [10]. Poly-depletion, however, may limit the actual gain in this approach.
Since materials like Pt or Ir, which would be very well suited from a work function
point of view, are hard to integrate into a CMOS flow, TaN seems to be a very good
choice [11]. The combination of both approaches allows for an erase speed like in
charge trapping memory cells similar to tht in NAND flash [12]. For the charge trap-
ping material itself, silicon nitride has been well established for many years. Silicon
oxinitride [13] as well as hatnium oxide and aluminium oxide [14], however, are pos-

sible alternatives with potential benefits.
prog.: 9V
read: 4V

Electrons
ate electrode
aide are stored
itr s here
n+ n+

p-substrate

prog.: 0V
read: >1V

Fig. 6. Schematic of a multi-bit charge trapping memory cell
illustrating the programming, erase, and read operations

Fig. 7. Cross section parallel to bitline (top row) and parallel to WL (bottom row)
of TwinFlash memory cells of the: a) 170 nm, b) 110 nm, and ¢) 90 nm generations

Another way of solving the erase saturation issue is to change the erase mecha-
nism to hot hole injection [15]. If hot electrons are used for the programming, then
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two bits can be stored and physically separated in a single cell [16]. Figure 6 illus-
trates such a multi-bit charge trapping memory cell as well as its basic programming,
erase and read functions. Figure 7 shows the real cross sections of three generations

of TwinFlash, which is an advanced version of the multi bit charge trapping concept
[17,18].
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Fig. 8. TwinFlash memory cell from the 60 nm generation: a) SEM cross section,
b) I-V characteristics of native and programmed cell, ¢) cycling behaviour

Figure 8 demonstrates the scalability of this type of cell down to the 60 nm node.
Further scaling down to about 40 nm groundrules is possible using standard ap-
proaches [18]. For even smaller groundrules, 3D devices can help overcome the scal-
ing issues [19]. Again, high-£ materials that replace existing charge trapping and bar-
rier materials may further extend the scalability of also this type of device [20].

4. Alternative memories

All charge-based nonvolatile memories described in the previous chapters suffer
from the fact that a high potential barrier is needed to achieve nonvolatile retention.
The barrier, however, has to be overcome by charges during programming and erasing
operations. This contradiction leads to severe performance drawbacks of all charge-
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based memory concepts that include the necessity for high programming and erase
voltages (in the range 10-20 V), slow write and erase times (from ps up to seconds in
contrast to ns, which are common in random access memories), and very limited en-
durance (typically up to 10° cycles; 10" cycles are required for a random access
memory). From a system point of view, a random access type of memory that is non-
volatile would be of great benefit. To achieve such a memory, new switching effects
realized in new materials are required [21].
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Fig. 9. Hierarchy of alternative nonvolatile memories from a materials perspective

Figure 9 gives an overview over a number of concepts discussed in the literature
from a material point of view. In general, the concepts can be classified [22] into con-
cepts that use switching in inorganic materials, concepts that use bulk effects in or-
ganic materials (referred to as organic memories in this overview), and concepts that
use quantum mechanical effects in single molecules (referred to as molecular memo-
ries). Due to a scaling potential down to the molecular level, memories based on car-
bon nanotubes are included in the later class. A detailed overview of the material as-
pects of many possible options can be found in Chapter 3 of [22]. Due to their
similarity to CMOS processing, the concepts that use inorganic switching materials
are the most advanced. Among them ferroelectric memories (FERAM), magnetoresis-
tive memories (MRAM), and phase change memories (PCRAM) are close to produc-
tion or already in production for niche applications. FeRAM [23, 24] uses the
switchable electrical polarization of ferroelectric materials such as lead-zirconium
titanate (PZT) and strontium-bismut tantalate (SBT) to store information. The main
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challenge is the material integration of the ferroelectric material and electrodes. Since
the ferroelectric has to maintain the right phase, high temperature annealing is neces-
sary and exposure to hydrogen needs to be avoided. Moreover, since the charge trans-
ferred during polarization switching is detected, a three dimensional structure is nec-
essary in order to maintain a minimum sensed charge when the device is scaled to
nanometer dimensions [25]. In MRAM [26], tunnel magnetoresistance is used to dis-
tinguish between different states. This approach consists of a thin tunnelling dielectric
like Al,O; or MgO placed between two ferromagnetic electrodes. One of the two fer-
romagnetic electrodes is pinned to an antiferromagnetic layer to define a reference.
The resistance of the stack then depends on the orientation of the magnetization in
both electrodes with respect to one another. A resistance ratio of 50-200% can be
obtained when the magnetizations of the two layers are parallel (lower resistance
case) or when they are antiparallel (higher resistance case). Writing is traditionally
done by passing current through the word and digit lines, leading to a situation where
the superposition of the two magnetic fields at the intersection of both lines is high
enough to switch one of the two ferromagnetic layers, while the field generated by
each of the lines separately is not high enough to change the magnetization state. This
approach, however, requires high currents (in the mA range) to be passed trough the
lines, and is therefore a major scaling limitation. Spin transfer switching, where a current is
passed trough the tunnelling barrier, has recently been proposed to overcome this issue
[27]. Even in this approach the required switching current has to be further reduced.
PCRAM is based on the reversible phase change of chalcogenide materials such as
Ge,Se,Tes between high resistive amorphous and low resistive crystalline phases [28].
Integration as well as scalability is much simpler than in FeRAM and MRAM. Some is-
sues remain, however, the most prominent one being the reset current that is required to
melt the material in the process of transforming the crystalline phase to an amorphous one.
Other issues are the asymmetric write/erase as well as the still limited endurance. Recently,
a 64Mb memory was demonstrated using 0.12 pm technology [29].

More challenging than the integration of inorganic materials is the integration of
organic materials. Here, a wide variety of concepts have been shown in literature
[30-32]. Polymer ferroelectrics seem to be the most advanced. Nonetheless, resistive
switching devices promise better scalability.

Switching in single molecules directly paves the way to the nanoscale world. Ro-
taxane [33], porphyrines [34], and phenyl-based molecules with attached nitro-redox
centres [35] are among the most prominent molecules that show promising switching
effects. In all these, however, the defined contact with the outside world and integra-
tion with CMOS logic are challenges that remain to be solved. An alternative path to
molecular memories is the utilization of carbon nanotubes. A mechanical memory
based on a cross bar arrangement of nanotubes, separated by support pillars and
switched by electrostatic forces, is among the most frequently discussed concepts in
this direction [36]. An alternative is the implementation of a charge trapping device
using a carbon nanotube transistor. Carbon nanotubes, however, have basic uncertain-
ties with respect to reproducible mass production.
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5. Summary and conclusions

Driven by the demand for more mobile electronic devices, the market for nonvola-
tile memories is growing rapidly. Today, floating gate flash is the mainstream solution
for nonvolatile memories. Floating gate devices face serious scaling limits in the sub
50 nm region, however, and new materials will be required to scale below 50 nm,
especially high-k dielectrics to increase coupling and low-k dielectrics to reduce un-
wanted coupling between neighbouring cells. Charge trapping devices are an alterna-
tive that have developed very rapidly in the past few years. Especially the multibit
charge trapping concept has appeared in significant production volumes for both code
and data flash products. The scaling of this type of device will continue to the 40 nm
generation without major material innovations. In order to overcome the basic limita-
tions of all charge-based nonvolatile memories, new switching materials have to be
integrated into the CMOS process flow. Inorganic approaches such as ferroelectrics,
magnetoresistive switching, as well as material phase change, are in advanced devel-
opment stages. They are all, however, far from reaching the small cell size benchmark
set for data flash memories. Therefore, they will appear where their performance ad-
vantage comes into play or as an alternative to code flash or SRAM memories. For the
long-term scalability, organic as well as molecular memories promise to extend non-
volatile memories beyond classical CMOS scaling. Hybrid memories that combine
CMOS with organic or molecular memory cells, as well as memories where even the
necessary electronic circuits are replaced by organic or molecular circuits, can be
envisioned as two possible development steps on the long-term roadmap as indicted in
Fig. 9. In the short to mid term, classical charge-based memories fabricated with the
CMOS technology will continue to dominate the market, especially in data flash de-
vices.
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