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Introduction to Memory 1T

* Many different types of digital memory exist — each has a use based on
its latency (how long it takes to access data) and cost.

Processor SUPER FAST
SUPER EXPENSIVE
TINY CAPACITY

/mcmon

d N
m EXPENSIVE
. Sopbi e SMALL CAPACITY

EDO, SD-RAM, DDR-SDRAM, RD-RAM PHYSICAL MEMORY FAST

PRICED REASONABLY

and More... : AVERAGE CAPACITY
SOLID STATE MEMORY

h AVERAGE SPEED

S50, Flash brive PRICED REASONABLY

NON-VOLATILE FLASH-BASED MEMORY AVERAGE CAPACITY

Mechanical Hard Drives VIRTUAL MEMORY Stow

LARGE CAPACTITY

A Simplified Computer Memory Hierarchy
llustration: Ryan J. Leng

WILKIE OLIN-AMMENTORP — RESISTIVE RANDOM ACCESS MEMORY 2



Presenter
Presentation Notes
There are many different types of memory. Each one has a use which is based off of its latency, which is how fast data can be accessed, and its cost per bit. Hard drives at bottom, SRAM and registers at top.


Flash Memory R T

* Flash memory is a low-latency storage medium which has made
massive storage and market gains in the past decade.

Figure 3: Total storage capacity comparison
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Flash has been changing this hierarchy somewhat, replacing HDDs but maintaining lower latency. Cost has been decreasing from scaling. 


Flash Memory 1T

* Flash memory’s high density, low latency, and decreasing cost have made it
important in all types of computing.

* However, flash memory has been scaled to its fundamental limits. Further
progress depends on using 3D integration to increase density.

Source: eeTimes Source: Intel/Micron
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Flash is now very important, found in cell phones and desktop computers. Used both from mobile, consumer applications to enterprise server applications. 
2D scaling of flash is at an end. Further density increases from 3D integration.


Motivation TT

* Novel memory devices must be investigated to continue increasing
memory density.

* Resistive random access memory (RRAM) is the leading candidate to
replace flash.

Top Electrode

Resistive Element
(Memory Cell)

Bottom Electrode

Source: eeTimes
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Ultimately, a flash replacement must be found to create a higher-density memory.
RRAM is a leading candidate to eventually replace flash, as it is a structurally simple device, can be scaled down farther and eventually integrated into 3D stacks as well.



RRAM Characteristics RIT

* RRAM is a broad classification which covers many types of memory.

* The commonality between all types is that information is stored by

resistance.
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Many different specific devices can be classified as ‘RRAM,’ all have a common resistive switching mechanism. 
Other work at RIT focusing on ferroelectrics. 


RRAM Characteristics RIT

* A passive circuit element which changes resistance depending on how
it has been biased was first proposed by Chua in 1971.

* This circuit element was named the “memristor,” a portmanteau of
“memory” and “resistor.”

* Each element of an RRAM array can be seen as an individual memristor.

—\\\—e ® ®
Resistor Capacitor
dv = Adi dg = Cdv
dg = idt q
Memristor
dyp = Mdq

Memristive systems

Source: Chua, et al.
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One concept behind RRAM was predicted in 1971 – Chua argued that “symmetry” between the resistor, capacitor, and inductor meant that there was a “missing” element which would relate charge and magnetic flux.
Simply put, the device can change resistance based on how it was previously biased.
An individual element in an array of resistive memory is a memristor. 


RRAM Characteristics RIT

* As a two-terminal device, the current traveling through the device must
be able to either change or read the memory state.

* RRAM can be bipolar, requiring opposite polarity set and reset, or
unipolar, requiring a higher current to reset than set.

* One major hurdle in RRAM is making well-behaved devices which form
and deform at a set voltage, and give a reliable resistance state.
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A memristor is a two-terminal device. The incoming voltage or current must be able to make the device change state, or read the current state without disrupting it. 
A low-voltage sweep is used to read the current state – in the low-resistance state, the current will be low enough not to disrupt the memory. In the high-resistance state, almost no current will flow, and the voltage will not be high enough to program the device. 
Bipolar devices use electrostatic effects to make one polarity set, and the opposite polarity reset. In unipolar devices, either polarity can set or reset, and the operation is determined by the allowed current level.

The major remaining hurdle in RRAM is making devices which have a well-defined set and reset voltage which is uniform for every device. The material reasons for this will be explained later.


Resistance Changing Materials ‘ﬁ

* Many transition metal oxides (TMOs) exhibit a change in resistance after a

voltage is applied.
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* Charged vacancies or interstitials in these materials induce changes in the
valence band of nearby atoms.

* Additional electrons are freed, increasing local conductivity.

* Through controlled generation and migration of conduction-inducing defects,
the resistivity of the material can be controlled.
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What materials can be used to create memristive devices? What materials will give the best characteristics?

In TMOs, charged vacancies and interstitials can act as donors. Controlling these will enable a resistive memory to be created. 


5

TiO, — A Model Material

* Among TMOs, titanium dioxide (TiO,) is one of the most favored resistance
switching materials.

* Characterization efforts have focused greatly on TiO, ; its resistance change
mechanism is now better understood than in most materials.

(b)

(a)
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* A reduction-oxidation reaction can cause an oxygen atom to be removed from
the lattice.

Acharyya, et al.

* This leaves behind a conductive vacancy.

°In bulk, oxygen deficient titanium oxide is called a Magnéli phase.
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TiO2 is one such material. 
TiO2 has many advantages, such as being CMOS compatible, can display both unipolar and bipolar behavior, many deposition methods (sputter, evaporate, ALD, sol-gel), and can easily form conductive phases.
As a result, a great deal of research has focused on investigating the specific mechanisms behind resistance switching in TiO2. 
The basic reaction which initiates the changes in resistivity is a reduction-oxidation reaction, which creates oxygen vacancies.
These oxygen vacancies influence the nearby titanium atoms’ valence levels, making them more conductive. This oxygen-deficient form of titania is called a magneli phase.


TiO, — A Model Material R1T

* Through a combination of electrical and thermal effects, oxygen
vacancies can arrange in the material and form conductive pathways.

* These effects include electric potentials, electric kinetic energy,
concentration gradient, and thermal gradients.
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Individually, a single vacancy does not create a conductive film. Through electric biasing, however, vacancies can migrate together and form a conductive pathway, drastically lowering resistance.

Electric fields can act on vacancies, causing them to move. Kinetic energy of an electric current also can act on vacancies.
Normal Fick diffusion is also a factor, but can be overwhelmed by the electronic effects.
Temperature effects are also vastly important in memristive mechanisms. Different forms of titanium oxide can form when assisted by heat, and temperature gradients can influence the motion of vacancies.


TiO, — Electroforming )

* In order to create conductive vacancies, a TiO, film must undergo an
initial electroforming stage.

* This electroforming stage requires high fields and generates oxygen,
which can destroy electrodes as it outgases.

[

SET/

Blown off
region

;10 pm

Kwon, et al.

* Designing a structure which does not require electroforming would
benefit RRAM’s reliability and uniformity.
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An electroforming step is required in devices using pure, stoichiometric titania to create the vacancies which will form into conducting pathways. 
However, part of the redox reaction is that oxygen is created. As a gas, it can build up and eventually have enough pressure to damage electrodes.
The amount of electroforming which takes place in an individual device also varies, leading to different characteristics between devices.
Structures which do not require electroforming are therefore desirable. 


TiO, — Electroforming Free Devices ﬁ

* To remove the necessity of an electroforming step, more complex film
stacks are deposited.

Side view
Conventional

Forming-free

Strachan, et al.

* By including a non-stoichiometric film, the vacancies are already
created in most of the film

* These vacancies can then move into the insulating layer to create the
conducting filaments.
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By depositing a non-stoichiometric oxide which already has the conductive defects, the electroforming step is avoided. However, this layer must be capped with an insulating oxide to make a device which can shut off.
The vacancies can move into the stoichiometric insulating layer under low electrical bias, creating conducting filaments without an electroforming step.


T10, — Set operation

* When a conductive pathway through
the film exists, the device is “set.”

* This is done by using an electrical
bias to initiate movement of the
vacancies through the film.

* When a certain current level is
reached, the set operation stops.

i

10 nm
- = - =

Kwon et al.
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Throughout the lifetime of a memory, an element must be programmed and erased many times. In RRAM, this is referred to as a “set” and “reset.”
In a set operation, a conducting filament is formed in the device, lowering its resistance.
When a certain current level is reached, the set operation stops. 


T10, — Reset operation 1T

* To reset to a high resistance state, another current pulse is used to
disrupt the conducting filament.

* High current densities (>10° A/cm?) in the filament lead to heat, which
may be partially responsible for the reset operation.

SET RESET

Kwon et al.
Magnéli phase
absent
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A high current level will disrupt the filament, which is useful for the reset operation. 
High current densities exist inside the filament, causing Joule heating. This heating can assist the movement of vacancies away from the filament, and cause different, insulating forms of titanium oxide to form. 
In a in-situ HRTEM, diffraction patterns showed that the Magneli phases were not present in the indicated zone after the reset.


TiO, — Variability Lo

* Even in electroforming-free RRAM devices, there is a variation in what
set and reset voltages are required.

* Multiple conducting filaments partially form in the insulating film. In
each write/erase cycle, a different filament may be conducting the
current, leading to variations in resistance.

* Additional impurities can create favorable sites for a filament to form.

* Devices 10 nm wide or less are likely to only contain one filament.

™

Conductive Filaments

Current Path
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Variations are troublesome and make the memory slower and harder to use. 
A different conducting filament can be the one responsible for resistance change in a different cycle.


3

Fabrication - Crossbar Test Structure

* The simplest test device is a crossbar — a bottom and top electrode,
with the film being investigated inbetween them.

Top Electrode
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How do we create an RRAM test structure?
RRAM test structures are very simple. A test cell consists of a bottom electrode, the memristive oxide, and a top electrode. The electrodes are attached to electrical test equipment, which is then used to characterize the film. 


RIT RRAM Investigation {ORY

* A process at RIT was needed to fabricate memristive devices.

* Once this process was proved with a simple structure, it could be used
to investigate different material combinations.

* Over the last year, a self-aligned process to create memristors was
investigated. However, this process was found to be problematic.
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Work was started as a previous senior design project to design a process to fabricate these devices at RIT. A self-aligned process was chosen for its apparent simplicity in patterning. 
Grazing angles of incidence in deposition were used to create lines which were either vertical or horizontal. This reduces the number of lithography steps.
However, problems were found.


RIT RRAM — Selt-Aligned Process TT

*The self-aligned process left a memristive layer inbetween the bond pad and bottom
electrode.

* Grazing-angle deposition yielded films which were very difficult to control in thickness
and uniformity.

20.00kV InLens i* 46mm " - q BRIAN
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In this process, the memristive oxide is deposited all over the wafer after the bottom electrode is patterned. This leaves an insulating layer between the bottom electrode and an external electrical contact.

Grazing-angle depositions are also difficult to set up in evaporation tools and do not give good results with the available tools.


RIT RRAM — Current-Voltage
Characteristic ﬁ-I-T

* Several program/erase cycles were observed.

* A new process was required to create devices which would have better
set/reset behavior, carry higher current, and use lower voltages.

Current (A)

2

\?oltage (V
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Some intermittent memristive behavior was observed, but only at the tens of picoamps level. High electroforming voltages (30V and more) were required to observe this behavior as well.
A new process was needed to remove these issues.


RIT RRAM — New process ﬁ

* A new process and mask design were created to avoid the previously
encountered issues.

* Conventional patterning via lift-off or etch instead of shadow
deposition was used.

* An additional insulating layer to prevent unintentional leakage paths
was added.

* New process can support many different oxides and metals, deposited
with different techniques.

WILKIE OLIN-AMMENTORP — RESISTIVE RANDOM ACCESS MEMORY 21




Mask Design

Crossbar Structures 0. 5 1.4 microns wide |
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Varying sizes will be used to investigate area effects and confirm filamentary nature of TiO2
Capacitors can be used to investigate interface quality and dielectric properties
Crossbar arrays can be used to investigate leakage paths


Side-profile process summary ﬁ
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Reactive sputter TMO RIT

* In a normal sputter, a noble gas is used to bombard the target.

* By partially using a reactive species such as oxygen, a different material
(such as TiO, from Ti) can be deposited.

* An experiment was carried out to determine what partial pressure of
oxygen would yield conductive and insulating phases of Ti,O,_,

02 partial pressure (mT) Ar partial pressure (mT)
0 12
0.2 11.8
0.4 11.6
0.6 11.4
0.8 11.2
1 11
Power 300 W
Time 20 second presputter/

200 second sputter
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Film Characterization 1T

n & k vs. partial oxygen pressure, A=500nm * Films were characterized by
’ ellipsometry, profilometry, and four-
point probe.
25
e Refractive index of titanium oxides is
=, close to a standard reference (2.592+0i)
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Pilot Run Current-Voltage Results ﬁ

* An pilot run of the new process was carried out to create Al/TiO,-
TiO,/Al crossbar structures.

* Electrical results show that high and low resistance state are possible.

Current-Voltage Sweeps
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Future Work il

* Work is being extended into a thesis, using different electrode and
memristive materials.

WILKIE OLIN-AMMENTORP — RESISTIVE TRANSITION METAL OXIDE
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