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Abstract

The exponential growth associated with semiconducting knowledges translates inevitably,
in a linear economy, into ever-increasing carbon emissions. The so-called silicon 'roadmap’
was built with the objective of delivering, at a high rate, new products to fulfill bigger
consumer needs. In such framework, no e [orts needed to be oriented toward the reusability
of building blocks such as integrated circuits (ICs). With the recent evolution of the
semiconductor supply chain, Moore’s law shortness of breath motivates the elaboration of
sustainable semiconductor businesses. In this thesis, we chose to investigate the relevance
of a circular model for ICs’life cycle based on remanufacturing ICs thanks to a thermal
annealing process. Particularly, we focused on a prominent ICs’ family: the flash memories.
The recovering of such memory pristine electrical properties is investigated thanks to
"Erase/program’ time evolution curves before and after the annealing treatment. From
there, we estimated the economic relevance of reconditioning ships thanks to the life cycle
assessment of a hypothetical remanufacturing plant. We showed that the reuse of flash
memories could reduce the European Greenhouse gas emissions by 0.6 to 1.4 MegaTons
CO2 equivalent. To inferring benefits of such approach, the structural and functional
costs were estimated as well as market trends. It was shown that the profitability range
around -0.9 and 13.9Me depending highly on the market demand for remanufactured ICs.
Nevertheless, we promote here a value chain for reconditioned ICs with ICs reliability and
testability at its core.
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Chapter 1

Introduction

Since 2020, the semiconductor industry has been facing an unprecedented supply crisis.
This crisis impacts all the pants of our economy, and semiconductors are now considered
as the new 'oil' of our modern societyd1, 22]. Microchip production capacities are an
essential resource that in uences global geopolitics. The current tensions around Taiwan
are partly due to the fact that Taiwanese companies produce 67 percent of semicon-
ductors used worldwide23]. If China invades Taiwan, the world will be at the mercy

of an almost instantaneous shutdown of half of the global production of electronic chif2s].

Consequently, in March 2022, the European Parliament launched a budget of 48 billion
euros to increase the European market share from 10% today to 20% in 2030 [25].

Besides that, the climate stakes have never been so high. The global temperature is already
at + 1:1°C since the pre-industrial era, and the impacts of global warming have never been
so visible R6]. Here again, the ICT (Information and Communications Technology) has a
responsibility. The environmental impact of ICT is at its highest level, and it is accounted
for 3.5 to 3.8 % of the global GHG (Greenhouse gases) emissidzig Rg. 54% of the
emissions are allocated to the equipment manufacturin@{] and can reach up to 70% in
the case of a smartphone [29].

The GHG emissions of terminals use phase are
less and less important. Indeed, the exponential
evolution of transistor integration has enabled the
fabrication of systems with billions of transistors
with more than 1,000 times higher energy e ciency
[30]. The downside is that the manufacturing
process of semiconductors becomes so energy
intensive that, for example, integrated circuit
manufacture impact is 36-40% of the carbon
footprint of smartphones R9, 1]. All sectors must
focus on reducing their carbon emissions. For
the ICT, this can be done partly by introducing
sobriety principles in the use and manufacturing
phases of equipment.

Figure 1.1: Apple's carbon-
emission breakdown. Reproduced
from [1]

One way to reach sobriety in the semiconductor industry while reducing our dependence
on foreign markets is to reuse chips available in end-of-life devices. The idea of reusing
semiconductors is not new, and Fraunhofer-Institut, Europe's largest application-oriented



research organization, demonstrated that it is technically feasibl&,[31, 32]. However,
industries have not yet taken the plunge. One of the reasons is the lack of accepted quality
statements of recovered components and the lack of studies about the economic viability of
reusing components. 33]. Moreover, it has never been proven that reused ICs (integrated
circuits) are better from an environmental point of view than new ones, and the problem

is not so trivial because new ICs consume orders of magnitude less power than older ones.
This master thesis will address these questions.

The world of semiconductors is vast, and the ICs
have much heterogeneity. Hence, impossible to
attack these three problems without targeting a
speci c type of IC. The rst intuition was to nd
industry standards. Indeed standards allow the
development of a single remanufacturing procedure
applicable to many chips. Standards exist in the
semiconductor industry, especially in the memory
segment, which is the most signi cant segment in
market share, i.e., 26% of the total semiconductors
market. The memory segment is divided into two
parts: RAM and ash memories. Flash memory
will degrade throughout its life due to the intrinsic
physic of the transistors used in it 13 14, 15.
The reuse of degraded ICs will lead to a loss of
market con dence in second-hand chips. From
here, a research question arises, how to a rm the
reliability during the remanufacturing process of a
second-hand chip that degrades over time?

Figure 1.2: Market growth by
component type. Reproduced
from [2]

To answer this question, it will be studied how the primary electrical properties of ash
memories can be nearly fully recovered thanks to thermal annealing in a reuse of semicon-
ductors context and how it can be used as a guarantee of quality.

On top of that, a remanufacturing process of ICs will be studied, and the rst published
results on the environmental impact and the costs related to reusing semiconductors
will be presented. The nancial results obtained are put into perspective with new ash
memory market prices, and the optimizations required to reach pro tability are presented.
Moreover, a complete LCA (Life-Cycle-Assessment), including the use phase of new and
second-life ash memories, is also present in the manuscript.



Master thesis roadmap

First of all, Chapter 2 will introduce the fundamental concepts needed to understand what
is a semiconductor, a ash memory, the thermal annealing process, and the process to
reuse ICs.

Then, Chapter 3 will present and detail the research question regarding thermal annealing
for ash memories.

Chapter 4 will explain the methodology used for studying the thermal annealing e ects on
ash memories, and a preliminary experiment will be presented.

Afterward, Chapter 5 will provide the results and discuss the thermal annealing e ects on
the "program/erase” time of ash memories.

Chapter 6 investigates reused ash memories' carbon footprint. To this end, the remanu-
facturing process designed for this master thesis is presented. Moreover, due to the in nity
of possible use cases, an adaptative approach will be proposed to assess if yes or not the
use of reused ICs make sense for a speci c use case.

Chapter 7 deals with the nancial pro tability of a business based around semiconductor
remanufacturing. The cost and the optimization that must be done to reach pro tability
are presented and discussed.

Finally, Chapter 8 will conclude the manuscript by responding to the three research
qguestions and will give perspectives for further research.



Chapter 2

State of the art

This chapter exposes the key concepts necessary to understand the present thesis.

A brief overview of the semiconductor industry and the package terminology used will be
presented before the reusing of semiconductors theory, to nish with a personal re ection
on the types of ICs that could help to reach nancial pro tability. The nal part will be
dedicated to ash memory and thermal annealing theory.

2.1 An overview of the semiconductors' ecosystem

2.1.1 Integrated circuit de nition and Moore's law

Integrated circuits, also called semiconductors, are the foundation of our digital world and
are de ned as "a circuit of transistors, resistors, and capacitors constructed on a single
semiconductor wafer or chip, in which the components are interconnected to perform a
given function” [34]. Integrated circuits are the building blocks of computers, smartphones,
smart TVs, smart cars,... For example, A car embeds more than three thousand microchips
[35] or a USB key integrates two main ICs, the NAND ash memory IC and the controller.
These two ICs are shown in Figure 2.3.

Transistors are the building blocks of modern electronics. "A transistor is a semiconductor
device used to amplify or switch electrical signals and power3]] The scheme of one
MOSFET (Metal-Oxide-Semiconductor Field-E ect Transistor), the type of transistor
most used today, can be found in Figure 2.1. To make it simple, pin G is the control pin.
The pin G controls whether if the transistor connection between S and D is passing or
blocking in the case of digital usage of the transistor. In the case of an analog usage of
the transistor, the current between S and D will be proportional to the voltage applied in G.

The miniaturization of transistors has a direct impact on the computing power per available
area or the amount of data that one single chip can store. Indeed, the smaller the transistor,
the more it is possible to put on a given surface. The miniaturization law of transistors
is known as the Moore's law. Gordon Earle Moore, the co-founder of Intel, postulated
in 1965 that the size of the transistor would be reduced by a factor of two every two
years B6] and as Figure 2.2 shows. This law has been con rmed empirically. It is also
essential to understand that miniaturization is not only a story of transistors per area but
directly impacts the exponentially growing computing power available to humanity. The



state-of-the-art volume production technology is the 5nm (for the channel length) one
introduced in 2020. The industry roadmap calls for the introduction of 3nm technology in
2023 and the 2nm technology in 2024 [3]. 2nm is the size of tens of silicon atoms. Going
further may become di cult to reach. Therefore other ways to integrate more and more
transistors into a single chip will have to be found like 3D integration and new materials
used,... If this is not done, this could be the end of Moore's law and, therefore, the end of
ICs obscolescence caused by Moore's law. This could be very advantageous for the reuse
of semiconductors.

Figure 2.1: Scheme of a MOSFET transis-
tor. Reproduced from [3]

Figure 2.2: Moore's Law. Reproduced from

[4]



2.1.2 Some basics for a better understanding

Before diving into the theory of semiconductor
reuse, it is important to introduce some basics and
to introduce the package terminology used in this
master thesis.

First, microchips are pieces of silicon wafer on
which the electronic circuits have been engraved.
These small pieces of silicon are called dye and
are embedded in packages. An IC in its package
is embedded into a larger system and mounted on
a PCB (Printed Circuit Board). In the example
shown in Figure 2.3, a NAND ash memory and a
USB controller are embedded on a USB drive PCB.
Both are ICs, and we notice that the controller
connectors and the NAND ash memory one do not
look the same. Actually, there are embedded in
di erent types of packages. Whether and how they

can be reused depend on the type of packages used.

In order to clearly discern the di erent types of
packages that will be discussed in the manuscript,
these are presented in the rest of this section.

Figure 2.3: Nand ash memory
and its controller embedded in a
USB drive PCB. Reproduced from

[5]



Through-hole  Technology The de nition
given by [37] is "Through-hole components are
wired leads (legs) that are pushed through drilled
holes on the circuit board.". The most famous
through-hole package is the dual hole in array
packaging, also known as DIP (Dual Inline Package),
represented in Figure 2.4. Everyone who has ever
had electronic labs has handled this kind of package.

Surface Mounted Device The second main

type of package is the family of surface-mounted Figure 2.4: example of DIP pack-
devices. Surface-mounted devices are chips mounted age. Reproduced from [6]
directly onto the surface of the PCB. This type

of package reduces mounting cost and place used

on the PCB [B]. SMD (Surface-Mounted Device)

includes a lot of subpackage categories represented

in Figure 2.5.

The focus must be placed on ball grid array pack-

aging (BGA packaging). BGA packaging is repre-

sented in Figure 2.6. The connection is done with

small solder balls placed under the IC. This con gu-  Figure 2.5: SMD packaging types,
ration allows more interconnections than other SMD ot representative. Reproduced
packaging because all the bottom surfaces of the from [5]

device can be used, instead of just the perimete3).

Focus on this packaging is done because BGA chips

are the most studied in the reuse of semiconductors

context. This trend is driven by the fact that BGA

packages are often used for valuable and dense chips.

Moreover, planarity problems observed when reusing

other SMD or DIP chips due to pin deformation are

not present when dealing with BGA.

Figure 2.6: Schematic of ball grid array (BGA) IC. Reproduced from [7]



2.2 Reuse of semiconductors

The idea of semiconductors reuse was topical more than 20 years ago and the motivations
were quite the same as today. European institution was at that time already aware of the
E-Waste problem and made some directives to counteract the problem e ects. [39]

At that time technological, managerial and cost aspects were the reasons why ICs reuse
was not considered by the industry. These lacks are explained in [33] as follow :

Technical: Absence of proofed and accepted quality statements for recovered compo-
nent

Managerial: Lack of delivery reliability in terms of kind, time, and location of
components and missing experiences with costs for handling and reintegrating of
reworked parts in the work ow

Costs: There must be a balance among quality, delivery, reliability, and costs.

Since the most valuable work related to this eld is the Sustainability Smart project led
by the Fraunhofer and funded by the EU-Program Horizon 202@]]. This project allowed
scientists to study smartphone sorting automatiof0] and semiconductor remanufacturing
[32]. They also demonstrate the feasibility of reusing BGA chips on new devicé}. [Indeed,
they made 50 new wakers with reused controllers and reused ash memories coming from
old video recorders. The process of reusing BGA chips was devided in two parts :

1. Desoldering

2. Remanufacturing

These two steps are discussed in the following subsections for the speci c case of BGA
chips. BGA chips are, in most, more expensive than chips embedded in other types of
packages and they do not su er from pin deformation that can lead to contact fault.
Therefore, they are good candidate for revalorisation.

2.2.1 Desoldering process

Figure 2.7: Flow chart: desoldering process. Reproduced from [8]



PCB baking in the oven This stage is required for all electronic components before
exposing them to high temperatures. The reason is that electronic components embedded
in plastic packages absorb moisture that can expend when exposing the component to high
temperatures. This can damage the components and this damage might not be visible.
Therefore drying the IC before mounting or demounting operation is needed to limit the
risk of undetectable damage [32].

Flux application and desoldering The industry uses lead-free solder. The eutectic

point of this alloy is located between 217 and 22XC. This solder has a big tension surface.

This results in the need of applying a signi cant force to remove the IC from the PCB.

Higher temperature or ux application tends to decrease the tension surface of the alloy.
[32, 9]

Exposure of the IC to temperature and use of a drag force is needed the remove components
from PCB. Regarding these issues, the position of "SustainabilitySMART" was that the
temperature pro le needs to be carefully chosen because electronic chips are very tempera-
ture sensitive. On the one side, their desoldering strategy was to have a desoldering pro le
as low as possible to protect electronic chips damage (Fig 2.832[9]. This constrained
desoldering techniques. On the other side4]] showed that the temperature resistance of
memory BGA components to multi-re ow processes was above expectation (compared
with datasheet information) and resist up to eleven thermal re ow processes (against three
in datasheets).

There exist di erent desoldering techniques which have their pros and cons. For example,
for the automatic re ow machine used to repair PCBs (Figures 2.8b and 2.8c) the thermal

re ow pro le is highly controllable but this machine is too slow for industrial application.
The solution proposed by the "SustainabilitySMART" project can be found in3p)], the
desoldering line designed uses hot air for heating the PCB and a pic and place robot to
remove components from the PCB. The components encounter a maximum temperature
of 240 degrees. This system have a minimal desoldering time of 75 seconds per BGA
component.



(a) (b) (c)

Figure 2.8: (a) Example of a lead-free temperature pro le for desoldering process. (b)
The MS9000SAN-(I11) Rework Station an example of equipment for desoldering. (c) An
example of the component separation during desoldering. All reproduced from [9]

2.2.2 Remanufacturing process

Figure 2.9: Flow chart: remanufacturing process. Reproduced from [8]

The ow chart proposed by B], can be found at Figure 2.9. The key challenge of the
process is the re-balling of the BGA devices. Three di erent techniques are studied and
benchmarked in #2]. All of these three techniques expose the IC to one or more thermal
re ow processes. Solutions without thermal re ow process were developed by industrial.
For example, the SB2-jet of PacTech is a machine capable of placing solder balls without
the need for one thermal process. The solder ball re ow is performed by a laser system
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using an infrared wavelength. The ball placement throughput of the machine is between 6
to 8 balls per second, which means that an eMMC (embedded Multi-Media Card) ash
memory can be reballed in 23 secondd4d. A demonstration video can be found by
following this link.

This machine allows outsourcing all the key challenges linked with the re-balling of
BGA electronic components. We only have to complain about two main technical issues
associated with the re-work of de-soldered components de ned in [9] :

Remove the remaining solder

Prepare surfaces for optimal re-soldering

2.2.3 Refresh and testing phase

Semiconductors' components can be returned to the market provided that refreshing
operation and check test veri cation are processe®][ These steps are crucial to improve
market con dence about second-life ICs. Therefore, a test procedure is required for each
type of components. For that we need :

An electrical interface, this need to be done through a plug and play socket. (If we
resolder the IC in a test PCB we need to remake all the manufacturing processes)

A low-level driver to make the communication with each IC.
A Program testbench to detect faulty ICs.

Such a procedure is technically feasible for some IC and was demonstrated for ash
memories #1]. Some reverse engineering might be required but this is far from impossible

to develop. The Achilles heel of the test phase is that engineering a test procedure for
complex IC can take time and will cost tens of thousands of dollars for each type of

IC. So economic analysis needs to be done before diving into the development of testing
procedures to ensure return on investment.

2.2.4 Standard interfaces to the rescue of component reuse

This section is the result of personal re ections and is the consequence of the holistic
approach used during the present thesis.

On the one hand, we saw in Section 2.2.3 that the testing phase was very important
because without advanced testing, it would be impossible to con rm that an IC can be

returned to the market. Moreover, market demand will depend strongly on the guarantee

that the testing phase can provide.

On the other hand, the development of testing procedures can be very costly and must be
amortized on many components. This characteristic limits the type of ICs that can be
reused. Hopefully, standard interfaces exist in the EEE (Electric and Electronic Equipment

) industry. The reuse strength of ICs based on standard is that all the ICs respecting
one standard are interchangeable. Hence, a system that is designed to embed one ICs
respecting one standard can embed all the ICs that respect this standard, whatever the
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manufacturer.

Table 2.1 contains a non-exhaustive list of standards in the semiconductor industry. All
these standards de ne the electrical interface and the communication protocol to commu-
nicate with the IC. There are developed and managed by the engineering trade association
Solid State Technology Association, commonly known as JEDEC (Joint Electron Device
Engineering Council).

For some of these standards, it is possible to have a nite number of di erent electrical
interfaces de ned, but the communication protocol is always the same. For example, BGA
159 pinout scheme used for eMMC is shown on Figure 2.10a. This electrical interface is
the most used for eMMC and UFS (Universal Flash Storage). The di erences between
UFS and eMMC are the pin allocation and communication protocol. Thanks to these
standardizations, sockets to connect with the IC can be bought on the market, and drivers
can be found on the internet. So the testing problem is reduced to a programming problem.

Moreover, these standards are widely used in the industry. For example, the market of
DRAM (Dynamic Random Access Memory) has a size of USD 94.19 Billion in 2021 and
the market share of DDR4 SDRAM (Double Data Rate Fourth Generation Synchronous
Dynamic Random Access Memory) and DDR3 SDRAM (Double Data Rate 3rd generation
Synchronous Dynamic Random Access Memory ) are respectively equal to 90%, and 8%
[44]. Such trends are the same as the other standards. If you dismantle a smartphone
from any producers, you have a high probability of nding an LPDDR SDRAM (Low
Power Double Data Rate SDRAM) and an eMMC, eUFS, or an ONFI (Open NAND Flash
Interface) in it. Sometimes RAM and storage are embedded in the same SoC (System on
Chip) (Figure 2.10b).

Standards can be the gateway to the economic feasibility of second-life ICs because initial
investments are amortized on a large amount of ICs.

(a) (b)
Figure 2.10: Pinout of (a) an eMMC SoC (b) LPDDR and eMMC embedded in one SoC.
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Table 2.1: Standards in the memory industry

Standards Year | Introduced by Complete name Usage

DDR3 SDRAM SDRAM 2007 Double Data Rate RAM for Severs, PCs,
DDR4 SDRAM 2015 | JEDEC Synchronous Dynamic Workstations,

DDR5 SDRAM 2020 Random-Access Memory High-end laptops, ...
LPDDR3 SDRAM SDRAM | 2007 Low Power Dynamic RAM for Smartphones,
LPDDR4 SDRAM 2014 | JEDEC Double Data Rate Synchronous Tablets, Notebook,
LPDDR5 SDRAM 2019 Random-Access Memory Smartwatches, ...

eMMC 4.5 2012 Storage for Smartphones
eMMC 5.0 2013 | JEDEC Embedded Multi Media Card | Tablets, Notebook,
eMMC 5.1 2015 Smartwatches, ...

eUFS 2.0 2012 Embedded Storage for Smartphones
eUFS 3.0 2018 | JEDEC Universal Tablets, Notebook,
eUFS 4.0 2022 Flash Storage Smartwatches, ...
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2.3 Nand ash memories

2.3.1 Introduction

2.3.1.1 De nition

A Nand Flash memory is an EEPROM (Electrically-Erasable Programmable Read-Only
Memory). This type of memory is a non-volatile memory that can be electrically erased
and reprogrammed. Nand memory is the most used non-volatile memory type. We can
nd these memories in many devices like USB drives, solid-state drives, smartphones,
or smart cars 5. Flash memories are segmented into di erent types: Single-level cell,
Multi-level cell, Triple-level cell,... de ned by the number of bits stored in each cell, more
information can be found by looking at Tab 2.220]. Historically, ash cells were composed
of oating gate transistors, but modern ash memories, with the improvements of 3D ash
memory, incorporate charge trap transistors [46].

Flash memories have a nite number of erase/program cycles before breaking down (We

call that wearing out for ash memories). As shown in Table 2.2, the number of cycles
before wear out tends to decrease with the number of bits stored in each cell [12, 47].

Table 2.2: NAND ash memory comparison. Reproduced from [20]

2D Nand endurance 3D Nand endurance

Type Description
(P/E cycles) (P/E cycles)

. Stores one bit per cell and
Single-level cell (SLC) 50000 to 100,000 Not manufactured !!

two levels of charge

. Stores two bits per cell and
Multi-level cell (MLC) 3000 30000 to 35000

four levels of charge

. Stores three bits per cell and
Triple-level cell (TLC) 300 to 1000 1500 to 3000

eighth levels of charge

Stores four bit per cell and
Qradruple-level cell (QLC) Not manufactured 150 to 1000

sixteen levels of charge

2.3.2 Floating gate transistor for storing bits

The most popular ash memories' cells incorporate the use of oating-gate transistors to
store bits, Figure 2.11. A oating gate transistor is a MOSFET transistor built with a full
Isolated gate overlap with one control gate. The isolated gate is surrounded on top by
one inter-poly oxide layer and at the bottom by one tunnel oxide layer. This gate is an
excellent ‘trap’ for electrons, it allows charge retention for years [48, 15].

Two operations can be applied to a oating gate transistor: program and erase. The
program operation consists of applying a high voltage on the control gate to inject electrons
into the oating gate as shown in Figure 2.1149, 10]. This operation will increase the
threshold voltage /) and the transistor will stand in the programmed state or P1 state
as shown on the current, voltage characteristics in Figure 2.11t0[. Conversely, erase
operation consists of applying null voltage to the control gate and high voltage to the base.
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Electrons in the storage layer will be tunneled through the tunnel oxide layeh, will
decrease, and the transistor will be in the erase state (ER). This binary state concerns
only the single level cells [48, 49, 11].

(a) Floating gate transistor, (b) Floating gate transistor, (c) Output signals of compara-
program operation. [49] erase operation [49] tor [11]

Figure 2.11: Comparaison of output signals at 45dBm and 55dBm

In presence of MLC (Multi-Level Cell) and TLC (Triple-Level Cell), Vi, can be discrim-
inated respectively in 4 states and 8 states as shown in the Figure2.48,[10. We
understand that for retrieving the bits stored in a cell we need to locate the threshold
voltage of the transistor thanks to discriminant values likeV,, V,, or V. for MLC for
example. These voltage levels are used for the read mechanism which is explained in the
section2.3.4.1. [12, 49]

Figure 2.14 helps us to understand why longevity decreases with the number of bits in each
cell. The distance between consecutive voltage distributions decreases with the number
of bits stored in the cell. A smaller distance between voltage levels means that a smaller
voltage shift will lead to reading errors than for SLC. Section 2.3.5.1 present the impact of
non-idealities and their impact on the voltage level.

Figure 2.12: Threshold voltage distribution of MLC (top) and TLC (bottom) of NAND
ash cell. Reproduced from [10]
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2.3.3 Nand memory
2.3.4 Architecture

The high-level architecture of NAND mem-
ory is shown in gure 2.13. It consists of
an array of rows and columns of oating
gate MOSFET cells. Multiple rows form a
block (typically 128 512 rows), a block is
the smallest unit that can be erased. Each
row is made up of cells connected with a
word line (typically 32K 64K cells). All cells
connected to one word line form a page, the
smallest unit we can read or write. A bit

_ line electrically connects all cells in the same

Figure 2.13: Flash structure [11] column within a block. [48, 49, 10]

2.3.4.1 Operations

Figure 2.14: Voltages applied to ash cell transistors on a bit line to perform (a) read, (b)
program, and (c) erase operations. Reproduced from [10]

Read Page can be read by applying the read voltage on the word line assigned to this
page. Vpass IS applied to the control gate of all other transistors of the block. The pass
voltage allows the transistor to be turned on whatever the state of the cell. For a single
gate cell, only one read reference voltage is needed because there are only two states
(Po and ER). The passing or blocking state of the transistor is read thanks to a sense
ampli er at the end of the bit line. [48, 12, 10]. For multiple-level cells, rst, the voltage

V, is applied to read the LSB (Least-Signi cant Bit) page and after one other voltage to
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read the MSB (Most Signi cant Bit) page. One step must be added when dealing with a
three-level cell [15, 12].

Erase and program  When programming a cell, electrons are ejected in the oating
gate of the transistor to achieve this the FowlerNordheim (FN) tunneling e ect is exploited.
[10] The tunneling current density can be modeled as [10] :

JEN = EN nge FN =Eox (21)

where gy and gy are constant, andE,y is the electric eld in the tunnel oxide. For
injecting or ejecting electrons of the oating, the tunnel oxide is subject to a high electric

eld generated with high voltage [49].
In reality, for tuning precisely Vi, the incremen-

tal step-pulse programming procedure (ISPP) is
used. At each step of the process, the voltage
on the gate is incremented by a constant voltage,
leading to an increase o¥4,. After each step,Vi
is sensed like for a read operation, and the pro-
cess is stopped if the transistor is in the correct
state. Figure 2.15 illustrates the ISSP process.
The gate voltage is represented on the graph by
Vpp. It exists an equivalence between V,, and
Vi, and this is due to the self-limitation of the
tunneling current [12]. Accumulation of electrons
in the oating gate leads to a constant electric
eld between the gate and the channel whatever
the voltage applied to the gate. This equilibrium
in the electric eld is reached independently of
any device parameter. More detail about this
behavior can be found here [12, 10].
The erase operation is done on all the cells of one
. ) ~ block simultaneously. To proceed, a high positive
Figure 2.15: ConstantVy, shift during \itage ( 20V) is applied to the body. This has
incremental gate steppingVp, IS the gate e ¢ ect of decreasingvi, since the electrons are
voltage. Reproduced from [12] tunneled out of the oating gate [12, 50].

2.3.5 Flash memory reliability
2.3.5.1 Charge trap generation

Electrons pass across the tunnel oxide at each P/E operation. This electron tunneling
Is responsible for a continuous increase in the trap density in the oxide and at interfaces
[18, 50].
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The presence of traps results in charge
trapping/de-trapping into the tunnel oxide
or unwanted charges who leave/enter the
storage layer. Electrons trapping also
reduces the tunneling e ciency, it is for this
last reason that an iterative algorithm for a
program or erase makes sense [15].

The interface and oxide trap generation
have a power dependence on the number of
P/E cycles. i for interface trap and o
are proportional to cyclé" where m is 0.62
for interface trap and 0.3 for oxide/bulk
trap [13]. This formula has been veried
experimentally, the result can be found in
Figure 2.16.

All unwanted charges trapped or additionafigure 2.16:  The measured and calcu-
charges that ow from or into the storage'ated trap generation as a function of pro-

layer lead to unwanted voltage threshold@ram/erase cycle count. (a) Interface trap
modi cation. This can result in read op-9éneration case; (b) bulk trap generation
eration errors [50, 14]. case. Reproduced from [13]

2.3.5.2 Data retention

A basic requirement for NAND cells is to keep charges in the oating gate over time.
Retention loss mechanisms will a ect the reliability in time of ash cells. There exist three
main mechanisms that induce leakage tunneling current. Each unwanted charge entering
or quitting the oating gate transistor will induce a threshold voltage shift. This same
threshold voltage is used to read the data present in the cell. Therefore voltage shift can
lead to reading errors. Three mechanisms will induce unwanted displacement of charges.
They are illustrated in Figure 2.17.

Stress-induced leakage current (SILC)
An intrinsic electric eld will be induced
by the charge present in the oating gate.
This will result in a stress-induced leakage
_ _ ) current of electrons from the oating gate
Figure 2.17: (a) Cross-sectional view of gyyard the substrate. SILC results in a

ash cell, (b) retention loss mechanismgecrease in the threshold voltage dropd(),
.Reproduced from [14] 13, 50, 14].
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Trap-assisted tunneling (TAT) As explained in the Endurance paragraph, more and
more charges will be trapped in the tunnel oxide. These trapped charges amplify the
SILC. This lead to a decrease in the threshold voltage because electron leak away from
the oating gate [13, 15, 50, 14].

Charge de-trapping Positive or negative charges trapped in the tunnel oxide can also
spontaneously be de-trapped. This results in an increase or decrease of the threshold
voltage depending on the electrical polarization of the charge [13, 15, 50, 14].

At the end of the day, the sum of all the retention charge leakage mechanisms presented
induces a negative shift of the threshold voltage distribution, see Figure 2.18. This can
lead Vy, to cross a threshold voltage state border, and the read can rise to. Indeedf
crosses a voltage border between two states, when a read operation will be done, the read
operation will output the wrong state.

Figure 2.18: Threshold voltage shifts induced by retention. Reproduced from [15]

2.4 State of the art NAND technology

Charge-trap transistor For some years, most NAND ash memories are composed of
charge-trap transistors, schematics of a CT (charge-trap) transistor can be seen in Figure
2.19. The di erence with a oating gate cell is that the oating gate is replaced by an
electrically insulating silicon nitride layer called the current trap. This type of transistor
has the advantage to be less impacted by charge leakage. Therefore, it allows us to reduce
the size of the cells and to have higher endurance. The nitride layer is surrounded by a
tunnel oxide and a blocking layer. The tunnel oxide su ers from the same issue explained
in section 2.3.5.2, and the wear-out mechanisms are the same as the ones for oating gate
transistors [51]
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Figure 2.19: Charge trap memory cell [16]

3D integration The major reason why the industry moved from oating technology to
charge trap technology is that the NAND architecture moved from 2D architecture to 3D
architecture [17]. Figure 2.20, shows the evolution of the 3D architectures, it is a good
example that when the size of the transistor cannot be divided by two every two years
that other ideas, like 3D integration, allow continuing Moore's law.

Figure 2.20: Chronological development of 3D NAND ash technologies. Reproduced from
[17]

2.5 Thermal Annealing for ash memories

In Section 2.3.5.1 is discussed the di erent mechanisms which lead to the fact that cycling
endurance is limited in ash memories. This is highly due to tunnel oxide degradation

induced by the slow increase of trap density present at the interfaces or in the oxide
[13 15, 50, 14]. Interface traps recover with time and this mechanism can be accelerated
by increasing the temperature [18, 19].

Temperature allows more mobility to charges trapped in the oxide or at the interface. The

two main parameters for the thermal annealing process are the temperature and time
needed to allow the major part of charges to be detrapped. The time of the operation
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is dependent on the temperature and the relation between both is an Arrhenius law
[19 18 13]. Calculation of the time and temperature required for one speci c IC can be
done and are discussed in detail in Appendix A.

2.5.1 Thermal annealing approach

When talking about thermal annealing for semiconductors, two main heater categories
exist.

The in-situ heaters which are heaters directly embedded within the device or which are
device functionalizing elements used as a heater, allow reaching bigger temperatures locally
without damaging the device $2]. Varied techniques are proposed in the literature 5B
demonstrates that it was possible to generate heat by the current owing between two
split source contacts. 19 modifying the word line of ash memories array to generate
Joule heating. In-situ heaters are not applicable in a reuse environment. Indeed in-situ
heater need to be added at the design phase of the device or to use device characteristic
but this requires advanced knowledge of the device.

The out-situ heaters are conventional ovend §]. Out-situ heater thermal annealing is
limited by the package thermal limit and mechanical stress induced by heat can damage the
device because the device is not heated localg?]. However, 19 show BE-SONOS (for
band gap engineering silicon oxide nitride oxide silicon) charge-trapping NAND Flash
recovery after 100K P/E (100,000 program/erase250°C/2hr baking cycles for 9 times.
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Chapter 3

Research question regarding thermal
annealing for ash memories

Previous studies have demonstrated the feasibility of reusing semiconductds31, 32].
They also stated the importance of the testing phase to detect whether an IC is functional
or not. The testing phase needs to be very accurate to minimize extra costs due to
malfunctioning ICs used to build larger systems.

Flash memories degrade over time, and the ash memories' lifespan is limited by the
number of erase/program cycles. These degradations are due to traps present in the tunnel
oxide of charge trap or oating gate transistors 13, 15, 50, 14]. The presence of traps

in the tunnel oxide leads to retention leakage, and a ash memory that is no more able
to retain data is inoperable. Consequently, when we pick up a ash memory from an
E-Waste, it is possible that the ash memory is close to his life's end. Therefore, we need,
therefore, to nd a way to detect or process the degradations present in the ash memory.
Hopefully, it has been shown in previous research that the traps could be recovered thanks
to thermal annealing [L8 19]. In this section, we aim to study how to recover the initial
properties of ash memories thanks to thermal annealing in the hope to demonstrate that
the process could be useful in a reuse of ash memories context.

First, the research aims to assess if thermal annealing on ash memories has the de-
sired e ect in a reuse context. The reuse context implies that the internal structure
of the ash memories remains unknown. Consequently, the optimal bake temperature
and bake time can not be calculated precisely. Moreover, this applies also that we have
to use out-situ thermal annealing techniques. Therefore a standard laboratory oven is used.

Second, four thermal annealing cases will be studied. The four cases are the following
ones ; 2h atl25°C; 12h at 125°C; 2h at 250°C; 12h at 250 The metrics used for the
experiments are the program and erase time of data in ash memories. Therefore, the
erase and program time of 100k P/E (Program/Erase) cycles will be measured before and
after each thermal annealing process.
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Chapter 4

Methodology for thermal annealing

4.1 Study of the thermal annealing e ects on NAND
ash memories

This section presents the objectives, the experimental methodology as well as the ex-
perimental setup used to demonstrate the e ectiveness of thermal annealing in a reuse
context.

4.1.1 Objectives

The objective is to demonstrate the utility of using thermal annealing for extending ash
memories' lifespan in a reuse context. The reuse context implies that in-situ heaters can
not be used. Therefore, a conventional laboratory oven will be used to bake the ICs. So,
the manipulation can easily be repeated in a semiconductors' reuse factory because the
only thing needed is an oven. Moreover, data about the ICs' architecture are assumed to
be unavailable. This leads to di culties in estimating the right temperature and bake time

to make a good thermal annealing process. Therefore ve cases will be studied : without
thermal annealing; 125C - 2h; 125C - 12h; 250C - 2h and 250C - 12h.

4.1.2 Methodology

Our measurement tools will be program and erase times over the life of ash memories.
These two variables are correlated with the number of Erase/Program cycles applied
on blocks and, therefore, the wear out level. The relation can basically be assumed as:
Erase/Program times correlated with the number of Erase/Program cycles and, therefore,
with the number of degradation present in the device.

The ash memories' used are listed in Table F.3. Macronix manufactures these ash
memories with 2 and 4 GB capacity. The communication protocol is ONFI compatible,
and the packaging is a 48-TSOP (Thin Small-Outline Package). They are single-level cell
memories. Therefore, cells theoretically wear out after 100k Erase/Program cycles. Each
block is composed of 64 pages. The page size for these ash memories equals 2048 bytes,
and each page has an additional 64 bytes for error correction code. A ash memory that
has been used for this master thesis is shown in Figure 4.1.
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Figure 4.1: (a) A ash memory studied for this master thesis, (b) 48 TSOP to 48 DIP socket
to allow to connect the ash memories with GPIO (c) DEO10 NANO board connected
with the socket. This set-up has been used to wear out the ash memories and to measure
program and erase times

Table 4.1: List of ash memories used

IC name Size [GB] | Page size | Page per block | Technologies
MX30LF2G18AC | 2 2048+64 | 64 SLC
MX30LF4G18AC | 4 2048+64 | 64 SLC

4.1.2.1 Methodology for wearing out the ash memory

The block erase and page program times will be our measurement tools to assess the
thermal annealing e ects on ash memories. These two variables will be measured while
Erase/Program cycles are done to reach the end of life of ash memories. Thereby,
we will have measured the impact of degradations on erase and program times and we
will be able to compare measurements made before and after the thermal annealing process.

The experimentation setup can be found in Figure 4.1. One DEO10-NANO FPGA (Field
Programmable Gate Array) board is used to communicate with the ash memory. The
communication protocol is the ONFI (Open Nand Flash Interface) one, and the four
operations programmed are the read, erase, program, and reset operations presented in
Appendix B.1.

The FPGA board is programmed so that a nite number of Erase/Program cycles are
done to wear out the ash memories, typically 100k to simulate an entire SLC lifespan.

Program and erase times are measured at each iteration and saved into a le. The measure
time scale resolution is 40ns. This limitation is due to the fact that the time measure is

based on a clock with a frequency of 25MHz. For timing reasons, erase operations are
made on speci ¢ blocks, and only the rst page of these blocks is programmed. Hence,
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ash memories are worn out locally and not on the full memory, which would take a few
days to achieve.

In parallel to these operations, the content written on the page is veri ed every thousand
cycles to detect failed blocks.

4.1.2.2 Data Post-processing

Due to the fact that erase and program times behave like random variables, the mean over
16 blocks is computed to mitigate block-to-block variations.

After that, for more readable data, the average mean is calculated with a window of size
100.

4.1.2.3 Baking Methodology

Flash memories are baked at a speci ¢ temperature and for a speci ¢ duration de ned by
the experiment case. Four cases are taken into account : 2h¥25;; 12h at 125°C; 2h at
250°C; 12h at 250 Wear out operations on the ICs are done before and after each passage
in the oven to measure the e ect of temperature and bake time on ash memories.

4.1.2.4 E ects of wear out on the program and erase operation speed

In this section, an initial experiment is presented to analyze wear out e ects on the program
and erase operations' speed.

Figure 4.2a shows the page program time and the block erase time in function of the num-
ber of Erase/Program cycles. Operations' delays are stochastic variables that take value
around discrete levels. This is explained by the fact that the internal controller of ash
memories completes both operations with an iterative algorithm that repeats Erase/Read
cycles for completing an erase operation or Program/Read cycles for completing a read
operation.

The oxide degrades as Erase/Progam cycles are repeated. This results in a modi cation
in the number of iterations needed to complete Program and Erase operations. Program
operations become easier with oxide degradation, and erase operations become harder.
This leads to our observations that operations' times tend to decrease for program and
increase for erase.

Figure 4.2b shows page program times, and the block erase times in function of the number
of Erase/Program cycles when taking into account the mean over 16 blocks. Curves on
Figure 4.2c are the moving average of curves present in Figure 4.2b with a window width

of 100. We remark that the data post-processing allows for having more readable curves.
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Figure 4.2: Page program and block erase times as a function of the number of
Erase/Program cycles for (a) A unique block. (b) A mean over 16 unique blocks. (c) A
moving average of the mean over 16 unique blocks with a convolution window width of 100
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Chapter 5

Thermal annealing results

5.1 Thermal annealing

In this section, we study the thermal annealing e ects on the page program and block
erase times. The goal is to study the wear out e ects in the hope of using a thermal
annealing process when reusing ash memories.

To do this, measures on the erase time and program time will be taken while repeating
100K program and erase cycles (100k P/E cycles) before and after baking the ICs. A
primary experiment will show the behavior of both parameters when two 100k P/E cycles
are repeated without thermal annealing between them.

5.1.1 100,000 program/erase cycles repetition without thermal
annealing

In this section we present the results of two repetitions of 100k P/E (Program/Erase)
cycles without thermal annealing between them. These results will serve as comparison
for the following section where thermal annealing e ects on ash memories are studied.

5.1.1.1 Description

Figure 5.1 shows the block erase and page program times in function of the number of
P/E cycles. First 100k P/E cycles were done on a ash memory. After the ash memory
has been put to rest for 24 hours and nally 100k P/E cycles were done again. Plot of the
measures can be found on Figure 5.1.

5.1.1.2 Observations

Figure 5.1 shows that without thermal annealing between two 100k P/E cycles, the

behavior of block erase time is more continuous at the interface of both cycles than the
page program time. Indeed we remark in Figure 5.1b that the page program time at cycle
0 for the second 100k P/E cycle is approximately equals to the cycle 40k of the rst 100k
P/E cycle.
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5.1.1.3 Discussions

Erase time seems more correlated than program time to the wear out level. Indeed, the
unexpected improvements in the program time can not be explained only by an oxide
or interface traps density reduction. Therefore we can state that another mechanism
interferes with the program time. Unfortunately, this mechanism has not been identi ed
and may require further investigations to be identi ed. Without certainty, this can be, for
example, explained by the fact that close-in-time P/E repetitions can modify the program
time.

(@) (b)

Figure 5.1: (a) Erase time and (b) Program time for two 100k P/E consecutive cycles
without bake process between them

5.1.2 100,000 program/erase cycles repetition with thermal an-
nealing

In this section, we study the e ects of thermal annealing on block erase time and page
program time as a function of the temperature and the bake time.

5.1.2.1 Description

Figures 5.2 and 5.3 respectively show the thermal annealing impact on the block erase
time and the page program time for four thermal annealing cases.
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