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Hello my name is DerChang Kau.   I am an Intel fellow, Director of 3D Crosspoint memory technologies 

In this presentation, I’m going to speak to you on Cross Point Memory, a journey in pursuing a Dream.  













Slide 2
Here is the outline of the talk.

I will first start with an overview of memory subsystem in compute.  

Specifically talking about the gaps of memory in computer hierarchy and the deployment of cross point memory array to bridge the gap.   

There were various implementation of cross point memory array.   I will illustrate the vital component, a selector, in a memory cell.   Why Selector is an essential device in a memory cell of cross point memory technology.   

Followed by the insight of Intel’s 3D XPoint Memory technology.  

Then I will bring this talk to a conclusion.
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First, Introduction.
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As shown here, the 1946 memory architecture classic,  von-Neumann computer proposed a memory organ.   

It says 
       Ideally one would desire an indefinitely large memory capacity 

      such that any particular word would be immediately available.  

      It does not seem possible physically to achieve such a capacity.  
      therefore proposed to construct a hierarchy of memories, 

     As shown here is the cartoon illustration of the ﻿Layered pyramid of memory.    

     ﻿Each layer possesses higher performance & lower capacity than the layer beneath

On the top of the Pyramid, we have SRAM as Cache and DRAM as the main memory.
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SRAM has been scaled reasonably well until last decade.   It is expected even more challenging in the scaling path ahead.

﻿DRAM capacity doubling has been following the cadence of 1 to 2 years.   The tempo has significantly reduced in past 2 decades.  As the result, it slows the cost per GB scaling.    
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Next in the transition from main memory to storage in the memory hierarchy.   NAND Flash started displaced hard drive a little bit over 10 years ago.  

NAND Flash’s read/write access latency advantage over hard disk drive makes the transition smooth.   

3D NAND picks up the cost scaling advantages last few years, demonstrating its cost scaling superiority.   It is expected to continue its momentum for scaling path ahead.

However if you carefully examine the computing hierarchy and it’s scalability, you will find out the gap between storage and memory remain large.   
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Here is the problem.

Storage hardly improves bandwidth without adding capacity.  
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As you can see from the previous slide, capacity of NAND flash improves.   While capacity has grown, you can only gain bandwidth with more bits added.   Bandwidth density however remained flat or slowed down in time.   Performance has not kept up with capacity growth. 

As BW often solved by brute force using parallel die or increase capacities, bandwidth density or BW/GB scaling becomes critical due to cost barriers.   It amplifies scaling challenges for storage.
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As a matter of fact, von Neumann architecture already prescribed the solution space.  

That is (animation). Larger memory capacity, word, immediately available.

Cross Point memory is a promising scalable solution

Here is the cartoon visual or exhibit of a cross point memory array.

It deploys a simple scalable structure + 3D stackable configuration.   It means large Memory Capacity at low cost. 

Because the individual cell is x-y addressable or accessible, it means word-access or small granularity accessible,

When the memory cell uses fast switching materials and cell architecture is designed in conjunction with low resistance metal interconnect to reduce transient RC delay, It makes the data access “immediately available”

The Challenge to deliver this vision is mating a selector device and storage element

a selector device with non-linear I-V & 
a storage element with tight distribution  
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Let’s a look how Intel team approached the problem and provided the solution of cross point memory array.   Let’s first examine the vital component, a selector, in a memory cell.  Why Selector is an essential device in a memory cell of cross point memory technology.
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In this slide, let’s take a look on Crosspoint memory array.

illustrate in the left cartoon is an array of memory cells Sandwiched between wordlines and bitline oriented Orthogonally.  As you can see this, the memory cell consists only storage elements.   No selector device is connected to the storage elements.   

Now we can simplify the cartoon to a x-y matrix, as illustrated on the right.  BLs go vertically and WLs go horizontally.   Memory cells are at the cross points, hence called cross point memory array.

When read a bit, shown in green dot, the selected BL goes to +1/2V and selected WL goes to -1/2V in order to detect the selected bit resistance.  In the grand scheme, this is a fully networked x-y resistive array,  sneak paths thru all de-selected cell in bule, red and yellow colors will convolve with the intended Interrogation.  The functionality of cross point array will be deteriorated as the array size become larger.

The second issue is about the reliability of the array 

As you can see here 
all the blue-color bits are deselected in the selected WL
and all the red-color bits are deselected in the selected BL.
All those bit will suffer read/write disturb and retention since they are not insulated from array active bias.

Adding a selector in series to each storage element will isolate the memory cells, reduce the cross talk, improves access accuracy and strengthens reliability.
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So,  what is a selector — 

selector will be in high resistance at inhibited bias in order to insulated the memory  

and becoming low resistance at selected bias to access the information.

So, THAT….matches the definition of a “diode.”   A selector is a diode.   More precisely, according to “IEEE standard dictionary of Electrical and Electronic terms”, diode is two-terminal device exhibiting a nonlinear IV.

In this slide I generalize diode I-V phenomenology in 2 polarities by 3 shapes.

First Polarity – Unidirectional vs. Bidrectional,  Or Asymmetry vs. symmetry or Unipolar vs. ambipolar.

Then Shapes --- You can also see  3 shapes of I-V curves.  L-Shape like Diode, S-Shape like DIAC or N-Shape like Esaki Diode

Due to serial connectivity of a selector to isolate memory element, the suitable I-V characteristics for Crosspoint memory array can be L shape or S shape for bit isolation.
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Here I give two examples of bit access in a cross-point array with selector.

The cartoon at left is with a memory cell consist of an unidirectional L-shaped selector like a rectifier.  A rectifying selector turns on one bit with forward bias and isolates others with reverse bias.  

During standby, all bits are reverse biased with BLs at 0V and WLs at +Voltage.  When one bit is selected, the selected BL switch to +Voltage and selected WL switched to 0V.  All bits but the selected are reversed biased.

The cartoon at right is with a memory cell consist of a bidirectional S-shaped selector like DIAC.  Subject to Vdrop at each cross point, the selected bit is triggered, and the de-selected bits of the selected WL and BL are blocked.  

During standby, all bits are zero biased.   When one bit is selected, the selected BL switch to +Voltage and selected WL switched to negative Voltage.  WL/BL switching is the same as unidirectional rectifier example. Yet only small number of bits in the array are biased.  Which is an advantage to leakage power and energy.
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In the last of Decade, there are several selector research published in IEDM or VLSI and etc. Here I capture a few examples.   

Starting upper left, It is a poly silicon PN junction diode for phase change GST.  Thermal budget is the challenge.   

The picture to the right is basically a MIM tunneling barrier engineering serially connected with an oxygen vacancy RRAM.  

To the right is an interesting OTS device with Boron-Carbon doping to reduce inhibiting leakage.  There are many active OTS researches recently, which is very encouraging with Intel’s Optane memory commercialized.  

At bottom of it, it’s my work on first disclosure of OTS’s since long time.   It was first introduced in Late 60s by Mr. Stan Ovshinksy and triggered significant amount of researches in 80s.      

The picture at left is metal-insulator transition demonstrated with NbO2.

Last one is yet another very interesting phenomena started with ionic motion follow by thermionic response.  MIEC was first report in 50s.  



Slide 15

So I generalize the best known selectors in the following 6 categories.  

These including 
PN Junction or Schottky barrier as in thermionic conduction, or 
Ion and/or oxygen vacancy movement as forming and dissolution of conductive filament, or
M-I-M capacitor as tunneling barrier modulation, or
Cu ion concentration modulation in Solid electrolyte subject to bias, or
VO2 and NbO2 in Metal-Insulator transition or
Chalchogenide for Ovonic threshold switching mechanism

Other than classic thermionic switch, all are bidirectional.   

Switching speed is subject to switching physics.  Electronic switching is faster, generally speaking.

With publish I-V, I also tabulate operating max current and inhibiting leakage and voltage for your reference.
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In the next section I will talk about Intel’s 3D XPoint Memory Technology
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﻿The core of 3D XPoint Memory is a two-terminal memory cell, pairing a storage element and an OTS. 

The memory cell is sandwiched at the cross point of wordline and bitline metals.

Low resistivity metals are used to reduce transient delay of memory access.

Selector device is in the general category of Ovonic threshold switches originally proposed by Mr. Stan Ovoshinsky in 60s. 

Storage element is based on chalcogenide alloy with power efficient memory switching without sub-lithography feature

Carbon electrode has two jobs: electrical connector and chemical barrier
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﻿The storage element is designed such that the entire volume of memory material
undergoes bonding transformations between high and low conductivity.   
It’s either a (fully crystalline) or a (fully amorphous) matrix with no partial switching for tight statistical control of states.

It possesses distinct bulk switching in departure from prevalent chalcogenide memory devices such as PCM, ECM or CBRAM.  While the 3D XPoint storage element shares a chalcogenide based genealogy, it does not rely on any sublithographic heater structures nor stochastic crystallization growth processes initiated at the amorphous-crystalline interface for “write”.

3D XPoint technology deploys deterministic write algorithms; no program verification
is required. 

These fundamental architectural advantages enable low latency, high bandwidth, AND high endurance NVM subsystems. 
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Cost-effective cross-point memory technology is realized through low thermal budget processes integrated at the cross point between metals. 

This backend memory technology is compatible with mainstream semiconductor processes that
feature CMOS under array allowing deck stacking for low-cost memory products.

First generation 128Gb 3D XPoint Memory featuring 5-level metal CMOS Under Array technology delivers high density, low latency nonvolatile memory.

(speak to the table and point to pictures)
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3D XPoint memory technology is scalable technology.

For Cell density scaling, 3DXP can 
1. scale pitch,  lateral dimension, due to intrinsic material and device properties of atomistic switching, and/or 
2. increase number of decks, which is vertical dimension, due to low thermal budget BEOL process attributes.

On energy scaling, it’s typical semiconductor manufacturing’s forte  Variation tightening to reduce supply for both DC and AC energy reduction.   

There are also plenty of circuit innovations and remix for efficient operating energy reduction.

On BW scaling, besides the common practice of concurrency improvement such as Increasing bank count, we can also look into 
1. Protocol and circuit optimization to reduce access latency, and
2. Material tuning for performance improvement

Last but not least is ideas inspired by the long standing history of Flash technology at Intel.  This including Multi-level cell and architecture augmentation such as 3D-NAND.
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So, this brings my talk to a conclusion.
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A half century ago, Gordon Moore and his collaborators in the industry explored the ideas of cross point memory array using atomistic memory switching material and a silicon PN diode.   

The endeavor continues into early 2000.   My team successfully delivered cross point memory array in the lab with BEOL 64Mb of OTS+PCM cell stackable on the top of CMOS decoding circuit and read/write access control.   

By experimenting cross point memory technology using OTS to isolate cell, we learned the vital element & made high speed, word accessible, cost-effective high-density memory possible.

With another few years of technology exploration and development, the first commercial product based on 3D XPoint technology was introduced in mid 2010s.   

Just about half year ago, the 2nd generation of 3D XPoint memory technology and Optane memory product with 4 deck stacking was announced at Intel’s memory storage event.
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As illustrated in the slide, there are latency and capacity gaps in memory hierarchy between 3D NAND and DRAM.  3D Xpoint memory Technology is designed to bridge the gap.  
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We have since deployed two unique solutions based on 3D XPoint memory technology, one is low latency SSD in storage space.  The other is persistent memory in memory semantics.   This technology enables commercial worthy of storage class memory.

Slide 25

This concludes my talk and thanks for your attention.



