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EXECUTIVE SUMMARY 
Flash memory (NAND and NOR), DRAM, SRAM, and other popular memory 
technologies are facing potential technology limits to their continued improvement.  This 
has resulted in intense efforts to develop new memory technologies.  Most of these new 
technologies are nonvolatile memories, which can be used for long-term storage or to 
provide a memory that retains information when powered down. Nonvolatile memories 
offer advantages for battery and ambient powered devices and also for energy savings in 
data centers. 
PCM, ReRAM, FRAM, Toggle MRAM, and STT MRAM are emerging memories 
addressed in this report, as well as a variety of less mainstream technologies such as 
carbon nanotubes.   Based upon the level of current development and the characteristics 
of resistive RAM (ReRAM) technologies, they may be a potential replacement for flash 
memory.   However, NAND flash memory will continue to undergo several generations 
of improvement that will be implemented before a replacement is required.  A transition 
from NAND flash to some other technology will likely not occur until the next decade, at 
the earliest.   
Intel’s recent termination of its Optane 3D XPoint campaign has shown that the economies 
of scale play perhaps an even larger role in the emerging memories market than we had 
thought.  The report devotes a number of pages to explain the impact of the economies of 
scale on both NAND flash and Optane to come to the conclusion that wafer volume must 
approach 10% of the volume of a competing technology in order to reach cost parity.  
Intel’s full disclosure of the losses attributable to its Optane technology were in line with 
earlier Objective Analysis estimates. 
Magnetic RAM (MRAM) and spin transfer torque RAM (STT MRAM) are starting to 
replace some NOR flash and SRAM and could possibly displace some DRAM within the 
next few years, well before ReRAM replaces NAND flash memory.  The rate of 
development and increasing product volume in STT MRAM and other MRAM 
technologies will gradually result in lower prices.  The attractiveness of replacing volatile 
memory with high speed and high endurance nonvolatile memory make these 
technologies very competitive, assuming that their volume increases to reduce production 
costs (and thus purchase prices). 
Ferroelectric RAM (FRAM) and some ReRAM technologies have some niche 
applications and with the use of HfO FRAM the number of niche markets available for 
FRAM could increase. 
Moving to a nonvolatile solid-state main memory and cache memory will reduce power 
usage directly as well as enable new power saving modes, provide faster recovery from 
power off and enable more stable computer architectures that retain their state even when 
power is off.  Eventually spintronic technology, that uses spin rather than current for logic 
functions, could be used to make future microprocessors.  Spin-based logic combined with 
spin-based memory could enable very efficient in-memory computing.  Several emerging 
memory technologies are also being used in neuromorphic computing experiments. 
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The use of a nonvolatile technology as an embedded memory combined with CMOS logic 
has great importance in the electronics industry. NOR flash in embedded devices reached 
its scaling limit at 28nm, and is being replaced with one of these new non-volatile 
technologies (especially MRAM and ReRAM).  As a replacement for a multi-transistor 
SRAM, STT MRAM could dramatically reduce the number of memory transistors and 
thus provide a low cost, higher-density solution. A number of enterprise and consumer 
devices currently use MRAM, to act as an embedded cache memory, and this trend will 
continue.  
Because of the compatibility of MRAM and STT-RAM processes with conventional 
CMOS processes, these memories can be built directly on top of CMOS logic wafers.  
Flash memory doesn’t have the same compatibility with conventional CMOS. The power 
savings of nonvolatile and simpler Toggle MRAM and STT MRAM when compared with 
SRAM is significant.  As MRAM $/GB costs approach those of SRAM, this replacement 
could create significant market expansion. 
It is projected that total MRAM and STT MRAM baseline annual shipping capacity will 
rise from an estimated 133TB in 2022 to 4.56EB in 2033.   Total MRAM and STT-RAM 
baseline revenues are expected to increase from $279M in 2022 to about $59.2B by 2033. 
Much of this revenue gain will be at the expense of SRAM, NOR flash and some DRAM, 
although STT-RAM is developing its own special place in the pantheon of shipping 
memory technologies. 
The demand for MRAM and STT-MRAM will drive demand for capital equipment to 
manufacture these devices.  While MRAM and STT-MRAM can be built on standard 
CMOS circuits supplied by large semiconductor fabricators, MRAM and STT MRAM do 
require specialized fabrication equipment for the MRAM layers that is similar to or the 
same as that used in manufacturing the magnetic read sensors in hard disk drives. 
The increasing demand for nonvolatile memory based upon MRAM and STT MRAM will 
cause total manufacturing equipment revenue used for making the MRAM devices to rise 
from an estimated $55.1M in 2022 to between $302M to $4.3B by 2033 with a baseline 
projected spending of $2.2B. 
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INTRODUCTION 
As the Internet of Things builds out, and as a growing number of devices make new 
measurements of data that was previously unmeasured, the world’s data processing needs 
will grow exponentially.   
This growth will not be matched with increases in communication bandwidth, despite the 
adoption of new wireless standards like 5G.  In response to this mismatch, an increasing 
amount of processing will be performed at the edge, particularly in single-chip devices 
whose power consumption must be kept in check.  This is the application that promises to 
benefit the most from today’s nascent adoption of emerging memory technologies. 
IoT endpoints need to process and interpret this data, often in near real time. Combine this 
with the amount of data that must be stored and processed to train various types or artificial 
intelligence (AI) models, and the result is a great increase in demand for memory and 
storage. 
Figure 1 provides a rough idea of the memory density and power consumption needs of a 
number of modern application types. 

Figure 1. Memory Density and Power Requirements by Application Category 

 
Source: Objective Analysis, 2018 

In order to make this information useful, our ability to process and interpret this data must 
also increase—the use of fast nonvolatile memory devices will be a key element in making 
this vast amount of information useful.  Improved processing performance requires a good 
match of processor speed with communication bus speeds as well as memory data rates.  
It also requires latencies that are adequate for the application being processed. 
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More advanced semiconductor processing technologies will also play a key role in the 
transition to emerging memories, as established memory technologies like NOR flash and 
SRAM fail to keep pace with the relentless march of Moore’s Law. 
This report investigates the technologies associated with solid-state nonvolatile memories 
and evaluates each from the viewpoint of competition with current volatile memories, 
magnetic hard disk drives and flash memories.   
There are numerous emerging solid-state nonvolatile memory technologies described in 
the literature, some rather old, while others are more recent.  Some products such as 
ferroelectric random-access memory (FRAM), phase change RAM (PCM) and toggle and 
STT magnetic RAM (MRAM) are available as low to moderate density memory or storage 
products.   Other technologies including spin-orbit torque MRAM and resistive RAM 
(ReRAM) are in earlier stages of pilot or production ramps.  Technologies such as carbon 
nanotube RAM (NRAM) are still primarily laboratory demonstrations. 
The move to emerging technologies is not governed simply by technical issues.  Intel’s 
recent foray into the emerging memory business with its Optane brand of PCM “3D 
XPoint” memory has proven that the economies of scale play a role in a new technology’s 
adoption that cannot be ignored. 
This report discusses the leading solid-state memory and storage technologies shown in 
Figure 2. 

Figure 2. Solid State Memory/Storage Technologies 

 
Source: Coughlin Associates, 2023 

 
The following emerging memory technologies are discussed in this report: 
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1. MRAM: Memories that use a magnetic effect 
2. PCM: Memories based on thermal effects 
3. ReRAM: Memories that use ionic effects 
4. FRAM: Electric field driven memories 
5. New nonvolatile technologies such as Carbon Nanotube memories 

This report addresses the characteristics of each nonvolatile technology from the 
following properties: 

1. Compatibility with CMOS process and structure 
2. Present commercial state of the technology 
3. Reliability and/or endurance 
4. Cost 
5. Density 
6. Performance 
7. Ultimate limits 

Two fundamental application types of emerging memories are examined in this report. 
The first is a standalone memory chip. Flash memory chips are an example of such a 
technology, as are DRAM chips.  The second is adding an emerging memory within a 
logic chip like a microcontroller, ASIC, or SoC (system-on-a-Chip).  These are often 
called embedded applications. 
Note that the use of NAND flash memory as an embedded memory within a logic chip 
necessitates a significant variation to a standard CMOS process, which can multiply its 
cost.   As a consequence, NAND flash is not used for internal memories in logic devices.  
NOR flash memory can be compatible with CMOS for an on-chip embedded memory.  
Similarly, DRAM is far less commonly found embedded in logic than is SRAM, its logic-
friendly counterpart. 
The report provides some details on the manufacture of MRAM products which are 
ramping up in volume to compete with SRAM, NOR and DRAM as a nonvolatile 
microprocessor memory.  We will also point out what drives memory adoption and discuss 
why one memory can come to displace another. 
The report then presents the Coughlin Associates analysis of MRAM production tool 
technologies and demand for these tools under a variety of scenarios, and the 
characteristics of capital equipment used for MRAM manufacturing.  This demand 
estimate is based on the best-case of the above scenarios for MRAM market acceptance.  
We use this to project the capital equipment demand to produce MRAM from 2022-2033.  
We also discuss the implications for other nonvolatile technologies such as FRAM and 
ReRAM.  
The report finishes with a listing of over 100 companies involved in various emerging 
memory technology development, production, and capital equipment.  
The report presents data collected through careful interviews participants on all sides of 
the emerging memory market: Developers, vendors, licensors and licensees, tool makers, 
foundries, etc.  Data was collected by Coughlin Associates and Objective Analysis via 
field interviews and at trade conferences and seminars.  Other historical data was gathered 
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from a wide variety of sources by the authors.  Forecast data has been derived from 
primary and secondary sources, along with Objective Analysis’ highly-regarded trend 
analysis of memory chip pricing and supply/demand dynamics.  Capital spending reported 
here is an estimate since this is an emerging market.  Conference attendance and extensive 
reading of widespread sources provided insight in technical areas.  In certain cases, analyst 
judgment was called upon to expand upon the data that was available through these 
sources. 
During reviews we were directed to lectures, interviews, and articles to obtain information 
concerning forecasts, expected technology directions, and future requirements.  The 
authors wish to express our thanks to all colleagues who contributed their knowledge and 
insights to us as a valuable service to the storage and memory industry. 
Not all of the detailed data that were gathered were included.  As usual, if further questions 
or additional information is required, please contact the authors. The authors are also 
available to provide or develop additional information, on a project basis, (with due regard 
for the confidentiality of our sources.) 
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