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Presenter
Presentation Notes
Hello, my name Michael Hall.  My advisor is Dr. Roger Chamberlain.  For this oral qualification, I am going to talk about magnetic random access memory (MRAM).


Paper Choices



Presenter
Presentation Notes
I chose the following three papers in the area of magnetic RAM.  Slaughter published an annual review paper in 2009 on magnetoresistive materials which describes several of the MRAM devices and discusses the feasibility of producing commercial MRAM products.  Zhao, et al. proposed in 2009 several FPGA architecture circuits that use Thermally-Assisted Switching (TAS)-MRAM as a replacement for the configuration memory and flip-flop in a CLB block.  And, Durlam, et al. in 2003 presented a test chip of a 1-Mb 1T1MTJ MRAM memory array.

The community goal is to build commercially feasible memory and FPGA circuits.  In this talk, I intend to discuss existing research efforts and to identify potentially new research areas.
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What is MRAM?

* Magnetic Random Access Memory (MRAM)

* Operates using principles in thin-film magnetics

* Potential to compete with existing memory technologies (eg. DRAM,
SRAM) in terms of power and speed
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The goal is to be competitive with semiconductor memory.
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What is MRAM?

* Magnetic Random Access Memory (MRAM)
* QOperates using principles in thin-film magnetics

* Potential to compete with existing memory technologies (eg. DRAM,
SRAM) in terms of power and speed

Characteristics Goals for MRAM devices
* Nonvolatile * Higher speed
* No static power dissipation * Lower power
e High write endurance (> 10%) e Higher reliability

* High density » Scalable
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Presentation Notes
The goal is to be competitive with semiconductor memory.
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Presentation Notes
This is a conventional MRAM device which uses field-induced magnetic switching (FIMS) to set the resistance state.

The material stack consists of several layers.  The electrodes make electrical contact with the top and bottom of the MTJ device.  They may or may not make contact with the word line and bit line.  The free layer and pinned layer are ferromagnetic layers whose magnetization can be set in a particular direction along the easy axis of the device.  The easy axis is usually determined by the shape anisotropy.  The insulator is the tunnel barrier whose resistance depends on the relative magnetic orientation of the free and pinned layers.  If the free layer and pinned layer are orientated in the same direction, they are said to be in a parallel configuration and will have a LOW resistance state.  If they are orientated opposite each other, then they are said to be in an anti-parallel configuration and will have a HIGH resistance state.  The AF pinning layer is the anti-ferromagnetic layer which pins the magnetic orientation of the pinned layer.

The two perpendicular conductors are the word line and bit line.  Currents flowing through these lines induce a magnetic field that affects the MTJ material stack located between the two conductors.  The bit line induces a field along the easy axis of the MTJ device which sets the magnetic orientation of the free layer.  The word line induces a field along the hard axis perpendicular to the easy axis which reduces the threshold for switching of the free layer.

The current flowing through the word line is a unidirectional current whereas the current flowing through the bit line is a bidirectional current.  The bidirectional current is necessary in order to induce a magnetic field in either direction through the free layer.  This device requires large write currents to set the magnetic orientation which results in high power consumption.
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This is a conventional MRAM device which uses field-induced magnetic switching (FIMS) to set the resistance state.
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Presentation Notes
In a memory array, a cell is selected by driving current into the word line for a row and the bit line for a column.  The selected device is at the intersection of the row and column as shown in the figure.  All the other devices in the same row or column are half-selected.  For MRAM, it is important that half-selected cells do not switch and that only the cell at the intersection of the row and column be allowed to switch.


R,

Memory Technologies

N I e S L S = L

FIMS 1.2 nJ Less than 50 ns (V)
SRAM 0.151 nJ 146 F2 4.7 ns

DRAM 0.570 nJ 21 F2 5.8 ns

Flash <21F?

(1) This time is for an entire write cycle to memory.


Presenter
Presentation Notes
From the literature, we can compare the MRAM devices to existing memory technologies.  The conventional MRAM device, shown here as FIMS or field-induced magnetic switching device, has a write energy of about 1.2 nJ.  In a 1-Mb memory array, it exhibited a speed of less than 50 ns.  This is compared to the 0.151 nJ that SRAM consumes and 0.570 nJ that DRAM consumes.  I was unable to find a comparable area number for the FIMS device.

Add references for papers that are not one of the three chosen in this talk.
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No half-select problem


Presenter
Presentation Notes
The Toggle MRAM device is similar to the field-induced device except that it uses Synthetic Antiferromagnetic (SAF) layers.  An SAF layer consists of two identical ferromagnetic layers separated by a non-magnetic spacer.  The two ferromagnetic layers are “exchange coupled” in an anti-parallel configuration so that their magnetic orientations are always opposite to each other.  Through a 4-phase write current sequence, the output state is toggled.  This device requires only unidirectional write currents and is not susceptible to the half-select problem.
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Figure 12

Schematic of a toggle MRAM bit with the field sequence used to switch the free layer from one state to the
other. The fields, Hy, H; + H3, and H;, are produced by passing currents, 7; and 73, through the write lines.

Slaughter 2009
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Presentation Notes
Toggling the output of the Toggle-MRAM device is done in 4 phases by inducing two perpendicular magnetic fields in a gray-code pattern.  As each field is applied, the magnetic moments of the two free layers will begin to rotate in the direction of the field.  The next field is applied successfully until the toggle device has completed half a rotation (180°). Once a toggle has completed, the output state will be opposite of what it was. This is further illustrated in the next slide.
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Presenter
Presentation Notes
The switching of a Toggle-MRAM device has been measured in a 4-Mb Toggle-MRAM test chip which shows that no single field along one axis will cause a toggle to occur.  It is the combination of the bit line and word line which allows it to operate.  As shown in the figure, toggling occurs by applying a field along one axis first, and then applying both fields together.  Finally, remove one of the fields, and then the other to complete the toggle.
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Presentation Notes
The Toggle MRAM device was fabricated in a 4-Mb test chip and exhibited an overall speed of 25 ns for a write cycle.  Although it shows that the Toggle device is faster than the FIMS device, a sufficient amount of time had passed in which an improved tunnel barrier with higher MR could have been used that would have yielded faster access times.  Again, I could not find any comparable energy or area numbers for the Toggle device.
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Presentation Notes
The Thermally-Assisted Switching (TAS) device is similar to the FIMS device, except that it has an additional AF pinning layer above the free layer.  This layer pins the free layer, preventing it from switching.  The layer can be unpinned by heating the device above the blocking temperature of the AF layer which is done using the heat current, Ih.  Since there two AF layers and only one of them should be unpinned, it is necessary to ensure that the blocking temperature of the lower AF layer is higher than that of the upper AF layer.  Once the upper AF layer is unpinned, then the Im current generates a magnetic field that switches magnetic orientation of the free layer.  This write-method is slow because of the cool-off period of the device, but it uses much less energy.
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FIMS 1.2 nJ Less than 50 ns (@)
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(1) This time is for an entire write cycle to memory.


Presenter
Presentation Notes
The Thermally-Assisted Switching (TAS) device was presented by Zhao in the context of FPGA circuits.  It is a relatively slow device due to the cool-off period.  The total programming latency in a 2 phase programming cycle is about 25 ns.  The write energy is 124 pJ, making this a very low power consuming device.  The area number could not be found in literature.
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Presentation Notes
The Spin-Torque Transfer (STT) device uses the electron spin to switch the magnetic orientation of the free layer.  Writing is done by generating a current that exceeds the critical current.  It has fast write times and has favorable power scaling with smaller process dimensions.
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(1) This time is for an entire write cycle to memory.
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Presentation Notes
The Spin-Torque Transfer (STT) device was compared in a cache paper, making the energy, area, and speed directly comparable to SRAM and DRAM.  The read speed of STT-MRAM is the same for SRAM, but the write speed is still much larger.  The read energy is similar to SRAM and the write power is much larger.  The area is just a little bit larger than that of DRAM.
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Presenter
Presentation Notes
A typical memory architecture consists of a memory array, word and bit lines, row and column decoders, and sense amplifiers.  The word and bit lines form a cross-point architecture where the intersection of the two will select the memory cell.  Decoders are used to generate the word and bit lines given a row or column address.  The sense amplifiers then read the memory bit and boost its value at the output.

MRAM uses the same architecture.  The difference is in the details.  In 2003, Durlam presented a 1-Mb test chip of an MRAM memory array using a 1T1MTJ cell.
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MRAM uses the same architecture.  The difference is in the details.  In 2003, Durlam presented a 1-Mb test chip of an MRAM memory array using a 1T1MTJ cell.


R,

1TIMTI cell (FIMS)

Program Mode e Consists of:
ot Line

TN > Word and bit line

‘ = MT)
Magnetic N Free Layer : .

o@( = Fixed Layer transistor
*%‘rx“ \

Flux concentrating
cladding layer

e Flux-concentrating
Inlaid Copper J /1 .
interconnects i l_ cladding focuses

Transistor

i magnetic field

Durlam 2003


Presenter
Presentation Notes
The 1T1MTJ, or 1 transistor / 1 MTJ, cell contains a word and bit line, an MTJ device, and an isolation transistor.  Writing is done by generating a current through the word and bit lines with the isolation transistor turned OFF.  The bit line induces a magnetic field along the easy axis and the word line induces a field along the hard axis.  The flux-concentrating cladding focuses the magnetic field to the MTJ device giving a measured factor of 2 reduction in the programming current.  Read is done by generating a current in the bit line with the isolation transistor turned ON, allowing the current to flow through the MTJ device.  The read current is then sensed by a sense amplifier to measure the device state.
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Sense Amplifier

 Compares the resistance state of the MTJ to a reference value

* A reference cell creates a midpoint resistance between high
and low states using 4 MTJs in a series-parallel combination.

* The sense amplifier clamps the voltage across the MTJ device
in both the reference circuit and the memory array using a
pair of current conveyors.

* The read current and reference current form a differential
signal pair which is boosted and converted to a voltage.
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Fig. 9. Block diagram of 1-Mb MRAM.
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Presentation Notes
Durlam fabbed a test chip of a 1-Mb MRAM memory array shown here.  It is a classic memory architecture design.
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Other MRAM Architectures

* Toggle-MRAM
= Requires additional circuitry to generate timing signals
for the write sequence.
= Writing a bit first involves reading the bit, then doing a
conditional write.
= Not susceptible to the half-select problem.

* STT-MRAM

= Promises better power scaling with process
dimensions.
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Presentation Notes
There are other MRAM architectures including Toggle-MRAM and STT-MRAM.  Toggle-MRAM requires some additional circuitry to generate the timing signals for the write sequence.  However, the a write first requires reading the bit, and then doing a conditional write since a toggle device simply toggles the output state.  Because the device is programmed in four phases by rotating the magnetic orientation, it is NOT susceptible to the half-select problem.

STT-MRAM promises the benefit of better power scaling with smaller process dimensions.
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Toggle Less than 25 ns 1 Commercial
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Write 2.942 nJ Write 12.3 ns
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DRAM 0.570 nJ 21F? 5.8 ns Commercial
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(1) This time is for an entire write cycle to memory.
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Presentation Notes
The existing memory technologies, SRAM, DRAM, and Flash, are commercially produced.  The field-induced (FIMS) MRAM device has been prototyped as shown by Durlam.  The Toggle MRAM device is currently being produced commercially today (since 2006 by Everspin, then Freescale Semiconductors).  Currently, I am not aware of TAS-MRAM being designed in memory arrays.  Last, the STT-MRAM device is currently being researched and is looking promising as a memory cell due to its power scaling to smaller dimensions.
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* Typical FPGA architecture consists of an array of CLBs with routing

interconnects.
e A basic CLB contains a LUT and FF.

e Zhao proposes a TAS-MRAM-based LUT and FF that offers

nonvolatility, and data security.
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Presentation Notes
A typical FPGA architecture consists of an array of CLBs with routing interconnects.  A basic CLB contains a LUT and FF.  Zhao proposes a TAS-MRAM-based LUT and FF that offers nonvolatility, data security, dynamic reconfiguration, and multi-context configurations.
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Presenter
Presentation Notes
The TAS-MTJ read circuit shown here uses an SRAM-based sense amplifier.  The magnetic orientation of the MTJ couple are set so that they are opposite to each other.  The SEN input signals the sense amplifier to sense the state of the MTJs.
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Presenter
Presentation Notes
The TAS-MTJ write circuit shown here has two current sources which are involved in a write operation.  The first is the heat current which raises the temperature of the MTJ above the blocking temperature of the AF layer.  This allows the free layer, which was previously pinned by the AF layer, to freely switch in the presence of a magnetic field.  The Im current is a bidirectional current used to generate a low intensity magnetic field that switches the free layer of the device.  This current is generated using an H-bridge circuit.  Notice that the Im current line changes direction between the two devices so that they are always set into opposite states.
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Presenter
Presentation Notes
The TAS-MRAM-based 2-input LUT consists of four bits of configuration memory.  Each bit has two MTJs, a heat current, and an SRAM-based sense amplifier.  A single global bidirectional current source is shared by all bits for the Im current.  Programming is done in two phases.  In the first phase, the “1” value is programmed.  In the second phase, the “0” value is programmed.  Simulated results show the total programming time to be about 25 ns.
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Fig. 19. TAS-MRAM-based nonvolatile flip-flop.

Zhao 2009
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Presentation Notes
Zhao also proposes a TAS-MRAM-based  nonvolatile flip-flop.  This flip-flop uses a conventional D-flip-flop for normal operation, allowing it to continue to operate a high speed, but it periodically writes data into non-volatile memory at a slower frequency.

The TAS-FF must do a “write before sleep” and “sense before wake-up” in order to save its state prior to turning off power and to reload its state after power-up.
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Compare and Contrast Architectures

MRAM Memory Architectures FPGA Architectures
e 1 transistor, 1 MTIJ cell * Many transistors, 2 MTJ cells
* MRAM-based sense amplifier * SRAM-based sense amplifier

= Requires a reference cell and 2 o 5 transistors

current conveyors » Every nonvolatile bit accessed in

e The memory array is sparsely parallel

accessed, so the area consumed e Minimize total area

by the sense amplifiers is

amortized

* Minimize area per cell
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Memory Technologies

N S T P

FIMS 1.2n) Less than 50 ns (1) Prototyped High energy

Toggle Less than 25 ns @ Commercial ? ?

TAS 0.124 nJ 25 ns prog. latncy.  ? Proposed Slow

STT Read 0.155n) 37 F? Read 4.7 ns Promising Work in Work in
Write 2.942 nJ Write 12.3 ns progress progress

SRAM 0.151 nJ 146 F? 4.7 ns Commercial Commercial  Commercial

DRAM 0.570 nJ 21F? 5.8 ns Commercial

Flash <21F Commercial

(1) This time is for an entire write cycle to memory.


Presenter
Presentation Notes
Currently, Zhao has designed configuration memory and flip-flops using the FIMS device.  Unfortunately, the FIMS device requires much too high write energy to be able to replace all the flip-flops in an FPGA.  Zhao has investigated and proposed using the TAS device for configuration memory and flip-flop.  It has a low write energy, making it feasible for use in an FPGA.  For the configuration memory, it can be programmed in two phases in a one-time operation allowing the programming time per bit to be very small.  However, for a flip-flop, the write time is too small to be operated at the normal speed of the FPGA.  Currently, the STT device is being investigated for use as configuration memory and flip-flop in FPGA circuits.
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STT Read 0.155n) 37 F? Read 4.7 ns Promising Work in Work in
Write 2.942 nJ Write 12.3 ns progress progress

SRAM 0.151 nJ 146 F? 4.7 ns Commercial Commercial Commercial

DRAM 0.570 nJ 21F? 5.8 ns Commercial

Flash <21F Commercial

1) This time is for an entire write cycle to memory.
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Presentation Notes
Highlighted in teal color is the data that I filled in from my three chosen papers.
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N S T P

FIMS 1.2 n) Less than 50 ns (1) Prototyped High energy

Toggle Less than 25 ns @ Commercial ? ?

TAS 0.124 nJ 25 ns prog. latncy.  ? Proposed Slow

STT Read 0.155n) 37 F? Read 4.7 ns Promising Work in Work in
Write 2.942 nJ Write 12.3 ns progress progress

SRAM 0.151 nJ 146 F? 4.7 ns Commercial Commercial Commercial

DRAM 0.570 nJ 21F? 5.8 ns Commercial

Flash <21F Commercial

(1) This time is for an entire write cycle to memory.
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Presentation Notes
Highlighted in orange color is the data that I filled in from other papers in the area.  Three are three question mark fields in the table in which possible future research areas could be.  For the TAS-MRAM, there is nothing that would fundamentally prevent it from being used as memory.  However, for the Toggle-MRAM, its use in an FPGA would require designing a different sense amplifier since it cannot be used in the same way as in the SRAM-based sense amplifier.  The Toggle device requires a read prior to a write in order to set its state.  Even if the toggle device were to start out in a known state, there is no guarantee that the magnetic orientation of the two MTJs would always be opposite of each other.  This is a research question that would require further investigation to determine potential benefits of use in an FPGA.
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Outline

What is MRAM?

MRAM devices

Memory Architecture

FPGA Architecture

Research Questions
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Research Questions

* |s there a benefit using Toggle-MRAM in FPGAs?

 |s there a benefit using TAS-MRAM in memory arrays? Could
the write speed be improved through buffering?

 What is the cause of long cool-down periods for TAS-MRAM?
Can this be improved?

e Can simpler sense amp be designed using fewer transistors?

e Can a hybrid chip using TAS-MRAM for configuration memory
and STT-MRAM for flip-flops be developed?



Conclusion

* Presented 3 papers in the area of magnetic random
access memory (MRAM)

* Discussed the pros and cons of 4 types of MRAM devices

* Presented and compared MRAM memory and FPGA
architectures

 |dentified several potential areas for new or continued
research
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Key Considerations in MRAM Development

* Tunneling resistance has an exponential relationship to
the barrier thickness

e Resistance should be significantly larger than the series
resistance of the isolation transistor

s Necessary to maintain good uniformity of the resistance
and magnetoresistance (MR) across the wafer area

e Criterion for feasibility — the distribution of bit-to-bit
resistance should have at least 60 separation from the
midpoint of low and high resistance states
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Factors Contributing to the Width of the

Resistance Distribution

e Variation in bit area — (owing to lithography or etch variations)
* Process damage or veils created during the etch process

* Quality of the MTJ material itself

o Certain imperfections in the MTJ layers produce tunneling “hot
spots” that can carry a significant fraction of the current flowing
through a small bit

= These hot spots could be caused by small variations in thickness

= Smoother barriers exhibit smaller hot spots in larger numbers

= The use of amorphous and nanocrystalline materials in the layers

beneath the tunnel barrier is critical for controlling this type of
roughness.



2

MTJ barrier failure modes

e Two failure modes:

= Time-dependent dielectric breakdown (TDDB) — detected
as an abrupt increase of junction current owing to a short
forming through a tunnel barrier

o Resistance drift — a gradual reduction of the junction
resistance over time that can eventually lead to reduced
read margin and, therefore, increased error rate

* Both of these failure modes are accelerated by
voltage bias and temperature
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Dynamic Reconfiguration

* The SRAM-based sense amplifier will hold its output
value until the SEN read input is applied.

* The LUT can be reprogrammed without disturbing
the operation of the FPGA.

* The new configuration can be loaded by applying a
signal to the SEN read input.
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Multi-Context Configuration

YT e The TAS-LUT can support
_logic :
Mpil |F ﬁ II‘“'PU multiple contexts by
|
f

i modifying each bit:
N Qm
MN2 = Add a multiplexor to select
MNA1| | | EulNo between contexts (CO, C1).
| I—ISEN|
—T
Co o Each context bit has its
C1 own heat current source.
< Heat CS1 N
j j Heat CSO ( j = All context bits share an
€ SRAM-based sense
Heat CS1 amplifier.
h3 +| 1h2 | 1h1,|Iho, (HEREESET1h0 | 1h1 (|12 || 1h3

MTJ0 e Writing .usin% Ejhe . ,
MTJ30  currentis still done in
MTJ311E 1 1 | G‘:'1J00 phases over all bits in the

MTJ21 MTJ11 = MTJ10 MTJ20 ﬂ LUT.

Zhao 2009
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Presentation Notes
The TAS-LUT can be designed with multiple contexts by introducing a multiplexor to multiplex between several context bits.  In this design, a multiplexor was added to select between contexts.  Each context bit has its own heat current source, and all context bits share a single SRAM-based sense amplifier.  Switching the state of the MTJ devices is down via the Im current using a single global bidirectional current source across all bits.  The programming can be done in two phases.
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