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Abstract

Flash memory is one of the most widely used non-volatile information-storage
device today, as portable store media in cellphones, cameras, music players and
other portable devices. The floating-gate transistor cell, which is the base element
on Flash memory, is being aggressively scaled, especially for NAND devices, to
increase the memory capacity.

In addition, Flash memories are also interesting for space applications. Com-
mercial devices are attractive for space, due to low cost per bit, but they are
sensitive to radiation effects. The reason is that commercial Flash memories are
characterized by higher performance than their rad-hard analogues, however it
is necessary to study the radiation response to improve them against radiation-
induced malfunctions. Ionizing particles, impinging on devices operating in space
environment, cause a wide range of effects, from the function wear out to tem-
porary effects or permanent ones, leading to unacceptable conditions for complex
system, which have to work for long times without maintenance.

The purpose of this work is to analyze the bit error variability in response
to Total Ionizing Dose (TID) in 25-nm SLC NAND Flash memories. A large
number number of devices were exposed to gamma rays from Co-60 source and
radiation induced Floating Gate errors, i.e. bit flips, were collected. The amount
of errors were large enough to allow a statistical analysis of the results. Fur-
thermore, radiation-induced effects were analyzed taking into account sources of
statistical variability, related to scaling issue, since the nanometric size of the
devices introduces several reliability problems, due to granularity of charge and
matter.

For this reason more than 1 Terabit of cells were irradiated, from two different
lots, analyzing cell-to-cell and lot-to-lot variability. In this work for the first time
FG errors, due to TID effects, are statistically analyzed in Flash NAND samples.
There are no previous studies with such a large amount of memories irradiated.
The results of this thesis intend to produce a contribution in the study of Flash
memory reliability, since this device is becoming more and more attractive for

space market, as solid state driver for data storage.
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Sommario

Attualmente la memoria Flash ¢ uno dei piu diffusi dispositivi non volatili
per I'immagazzinamento di informazioni, utilizzata in molte applicazioni di uso
quotidiano come telefoni cellulari, fotocamere, lettori musicali ed alti dispositivi
portatili. Il transistor a gate flottante, che costituisce I’elemento base della me-
moria Flash, ha subito un’aggressiva riduzione delle dimensioni, soprattutto nei

dispositivi di tipo NAND, per aumentare la capacita della memoria.

Inoltre la memoria Flash ¢ utilizzata anche in applicazioni spaziali, grazie
al basso costo per bit, nonostante la sensibilita alle radiazioni. La ragione e
che le memorie Flash commerciali sono caratterizzate da prestazioni superiori
rispetto agli analoghi rad-hard, tuttavia e indispensabile studiarne la risposta alla
radiazione, per prevenire eventuali malfunzionamenti. Le particelle ionizzanti,
incidenti sui dispositivi che operano in ambiente spaziale, possono causare una
vasta gamma di effetti, dall'usura ad effetti temporanei o permanenti, portando a
una condizione inaccettabile in un sistema complesso, il cui funzionamento deve

essere garantito per un lungo tempo, senza alcun intervento di manutenzione.

L’obiettivo di questo lavoro ¢ di analizzare la variabilita dei bit errors dovuti
alla dose totale ionizzante (TID) in memorie Flash SLC da 25 nm. Un gran
numero di dispositivi e stato esposto a raggi gamma da Co-60 e sono stati
misurati gli errori del Floating Gate, ovvero i bit flip, indotti dalla radiazione
ionizzante. La quantita degli errori osservati ¢ stata significativa, in modo da
permettere un’analisi statistica dei risultati. Inoltre, gli effetti indotti dalla ra-
diazione ionizzante sono stati considerati congiuntamente alle sorgenti di variab-
ilita statistica relative allo scaling dei dispositivi, poiché le dimensioni nanomet-
riche della cella introducono una serie di questioni affidabilistiche, dovute alla

granularita della carica e della materia.

Per questo motivo e stato irraggiato piu di un Terabit di celle, prelevate da
due differenti lotti, ed e stata analizzata la variabilita tra lotti e tra dispositivi.
Per la prima volta, irraggiando una cosi ampia popolazione di campioni, si sono
analizzati statisticamente gli errori del Floating Gate dovuti a TID, in memorie

Flash di tipo NAND. Con questa tesi si intende apportare un contributo nello
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studio dell’affidabilita delle memorie Flash in applicazioni per uso spaziale, dato
che questi dispositivi si stanno largamente diffondendo sul mercato come unita a

stato solido per I'immagazzinamento di informazioni.
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Chapter 1

Introduction

In this introductory chapter the main concepts and metrics of non volatile
memory will be presented, just followed by a brief historical evolution of the
previous technologic solutions which have lead to the Flash memory device, object
of the thesis. Alternative solutions to the data storage mechanism used by floating

gate devices and future technological trends will be presented.

1.1 Non-volatile memory

A non volatile memory is a memory able to retain digital information without
any power supply. This feature makes it an essential element of most systems,
since critical information must be retrieved even if power is lost to the system.
Non volatile memory market has been growing in the last two decades, because of
the broad diffusion of portable electronic devices, such as smartphones, laptops,
digital cameras and multimedia players. The huge success and market increase
of Flash memories is due to their flexibility against the previous technology,
read-only memory (ROM) and Programmable-ROM, but especially due to the
remarkable scaling of these devices, which allowed a 50x cost-per-bit reduction
from 1.5 pm (1987) to 20nm (2012) technology nodes [1]. Flash memories com-
bine the electrical erase from EEPROMs (electrically erasable and programmable
read-only memory), which have the disadvantage to use a large area, and the high
density from EPROMSs, which are electrically programmable but erasable via ul-
traviolet exposure.

The most important connotative parameters for non-volatile memories are
retention and endurance. They give the measure of how much strong is the
NVMs, because this type of memory is more subject to wear-out than standard
digital circuits.

Retention is the ability of the cell to keep the information for a long amount
of time and it is measured in years. At this moment a typical value is ten years.

Endurance is the number of erase/program operations that can be executed
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Figure 1.1: Non volatile memory market (Source: Micron [2])

without cell’s properties degradation. It is measured in number of cycles (a typical

value for floating gate memories is 10° cycles).

Other characteristics of interest for non-volatile memories are the following.

1.

Density: the number of bits of information that may be stored on a single

device.

. Program or write time: the time necessary to write information into the

memory.

. Read time: the time necessary to read information from the memory.

Erase time: the time necessary to erase information from the memory. A
peculiarity of non-volatile memories is that they must perform an erase
operation before the program operation. This implies a complex peripheral

circuitry and a speed penalty, because of the additional operation.

Operating power: the power necessary to perform the write, erase or read

operation.

Standby power: the power consumed by the memory when no operations
are being performed. In a non-volatile memory the power required to retain

information is zero.

Various storage mechanisms differentiate various non volatile memories. The

simplest one is the storage of a net amount of charge, whose presence or absence,

different quantities or its sign represent the digital information. To this type of
NVMs belong Floating Gate (FG), Charge Trap (CT), and Nanocrystal (nXTL)
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memories. Phase change memories base the information storage on the phase
(amorphous or crystalline structure) because of the very different behavior of
these materials depending on the phase. Ferroelectrics materials use the direc-
tion of a remanent polarization (as a consequence of removal of an electric field)
to make non-volatile memory bits. Instead ferromagnetic materials use the mag-
netoresistance, the property to change resistivity when immersed in a magnetic
field. Other prototypes of storage mechanisms are under developing, but still
immature to get commercialized, such as nanotube RAM, resistance RAM and
Conductive-Bridging RAM [3].

1.2 Motivation

Flash memory is the most widely used non-volatile memory device today. As
represented in Fig. 1.2, market application is very extended and the demand
for increasing memory capacities, achieved by device scaling down, is in con-
tinuos increase. Nowadays in mainstream market are available 1 Gb NOR Flash
memory manufactured in 45-nm technology, while NAND Flash memory has
reached 32 Gb capacity in 25-nm, since NAND structure is characterized by high-

density array.

Function

Application

N
Code +
Data . >
Code + [ industrial |
Parameter md" - f
Code Only

Figure 1.2: Applications of Flash memory device (source: Micron

[2])-

Commercial NMVs are also used in space applications, since rad-hard market
presently provides low capacity devices. In particular Flash memory devices are
of great interest for space, because of the high-density storage and non-volatility.
Obliviously, parts for space systems are subjected to reliability test, to study
radiation induced effects on devices operation.

With the scaling down trends, many reliability issues have emerged, both

intrinsic and radiation-related. Scaled devices have shown to be more prone to
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intrinsic charge loss mechanisms, such as stress induced leakage currents, erratic
bits, etc. Also variability increases as cell size decreases. Several studies analyzed
the variability effects on nanoscale Flash memories [4] [5] [6]. On the other hand,
investigations on ionizing radiation effects have showed that in advanced Flash
memory devices errors appear at lower radiation doses than in older devices.
However, the combined effect of radiation induced effects and intrinsic sources
of variability is quite unexplored. This research field is very interesting in order to
allow precise prediction of radiation-induced failure during space missions. The
purpose of the work is to investigate the impact of variability on TID response
of NAND floating gate cells. For this reason, a large number of FG cell has been
tested (more than 10'2 cells), from two different lots. Statistical distribution of
parameters has been analyzed, aiming at looking for variability response to TID,

such as correlation between pre-rad and post-rad results.

1.3 Thesis Organization

The thesis is organized in 5 chapters, including the introductive chapter.

In chapter 2, a description of the floating gate memory cell and its operation
principle are provided. The architecture types are presented and charge injection
mechanisms are analyzed. Then, reliability issues, even related with the scaling
down trend, are discussed.

Chapter 3 studies radiation effects on Flash memories. The first section in-
troduces the basic concepts of the radiation environment. Subsequently, after an
overview of the radiation effects on electronic devices, both Total Ionizing Dose
and Single Event Effects on Flash memory device are explained.

In chapter 4 the experimental conditions of the TID test are provided, per-
formed at ESTEC (Noordwijk, NL). The tested device characteristics and the test
setup are described. The final section presents the results, which are analyzed in
the following chapter.

Chapter 5 develops the statistical analysis of the results, providing explanation

to both the cell-to-cell and lo-to-lot variability observed.



Chapter 2
The Device

This chapter is devoted to the description of Flash memory cell. Fist of all,
the operating principle of the FG cell will be exposed, thus the physic structure
and the electric characteristics. Moreover two possible array organizations will be
presented. Then the main reliability issues related to this data storage solution

will be analyzed and discussed.

2.1 Floating Gate Transistor

Blocking Control gate Floating Gate

oxide \ /

Tunnel oxide \ [OX©) [©)
rce

Sou J l Drain

Figure 2.1: Schematic of a charge-based cell.

A Flash memory is a non-volatile memory that can be erased and repro-
grammed. By the definition, a NMV cell doesn’t need any power supply to retain
digital values. The mechanism employed to retain the non-volatile digital in-
formation is the charge storage, for which it is necessary to create a potential
well, where the charge can be confined. The basic element is the floating-gate
transistor, represented in Fig. 2.1. It similar to a MOSFET, but there is an ad-
dition element, the charge storage element, placed between the silicon bulk and
the gate, isolated from them by a tunnel oxide and a blocking oxide respectively.
The charge storage element consists in a conductive polysilicon floating gate!, in

which the charge is collected at the oxide interface or in discrete trapping sites.

'For other charge-based memories, like Charge Trap (CT) and and Nanocrystal (nXTL)
memories, the charge storage element is respectively a dielectric film, with high density of traps
to capture charge carriers, and a layer of nanocrystals, each able to store charge.
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The amount of charge in the storage layer is responsible for the change of the
threshold voltage of the transistor. Fig. 2.2 represents the drain current versus
the gate voltage for a floating gate transistor. The left curve is obtained in the
condition of a positive or no charge in the floating gate, which is called erased.
The right curve is proper to a net negative charge in the storage element, that is
the programmed state.

AN

Drain current [A]

L 2

Gate voltage [V]

Figure 2.2: Drain current as a function of gate voltage for cell in
erase (“17) and program (“0”) state.

The model in Fig. 2.3 helps to understand the behavior of the FG device.
Cpp is the capacitance between the FG and the control gate, while C's, C'z and
Cp between the floating gate and respectively the source, the substrate and the
drain®. In the condition of no charge stored in the FG:

Q=0=Cpp(Vrc—Vee)+Cs(Vic—Vs)+Cp(Vr¢—Vs)+Cp(Vrc—Vp) (2.1)
where Vgq is the potential on the FG, V¢ is the potential on the control gate, Vg,
Vg and Vp are the potential on the source, the bulk, and the drain respectively.
Defining Cror = Cpp + Cs + Cp + Cp as the sum of the capacitances and
ay = Cy/Cror as the ratio between the capacitance on one of the four terminals
and the total capacitance, it is possible to write the equation 2.1, carrying out
the FG potential:

Vi =ag - Vog+as-Vs+ag-Vp+ap-Vp (2.2)
The floating gate results to be capacitively coupled to other terminals, therefore
its potential is set not only by the control gate, but also by the other terminals
and by the neighbor cells.

2In this model it is not considered the capacitive coupling between neighbor cells C'p
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Icontrol gate

] C
Cpp —— --I |— Cp rr Iﬂoating gate
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1
TR ST T
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Figure 2.3: Schematic of capacitive coupling components in the FG
cell.

If the source and the bulk are grounded, equation 2.2 can be rearranged:

a
Vra = ac(Voe + 04_2 Vp) = ac(Voe + f - Vp) (2.3)
where o
ap D
- = & 24
ac  Cpp (24)

The equations of the floating gate transistor can be obtained by substituting
the MOS gate Vg voltage with the Vpg potential and transforming the device

parameters, threshold voltage V; and conductivity factor 3 [7].

VES = ag - VEC (2.5)
re _ 1 gca
pro= Ly (26)

The I-V (current-voltage) characteristic equations for the floating gate transistor
become:

e Triode region: |Vps| <a-Vgs+ f-Vps —Vr

1 2
Ins = B|(Viss = Vi) (f = 57o) - Vis| (2.7)
e Saturation region: |Vps| > a-Vgs+ - Vps — Vr
Ips = gaG(VGS + f - Vps — Vr)? (2.8)

where 5 and Vp are measured with respect to the control gate.
These equations show the floating gate transistor behavior, different from a
standard MOS transistor.

i) Looking at the voltage equation for triode region, the floating gate transistor
can conduct current even when |Vggs < |Vr||, because the channel can be
turned on raising the drain voltage (f - Vpg). This is called the “drain turn-

2

on .
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ii) While for a standard MOS in the saturation region, the Ipg is almost in-
dependent from the Vp, for the floating gate transistor the drain current
continues to rise as drain voltage increases. The result is that no drain cur-

rent saturation occurs for high drain voltage values.

iii) The boundary between the two operation ragion is
[Vbs = a-Vas+ f - Vps — Vr| (2.9)
respect to
Vps = Vas — Vr (2.10)
for the MOS transistor.

iv) The transconduttance in saturation region is

_ 0OlIps

aVvGS (Vpg=costant)

= aqB(Vas + fVps — V) (2.11)

9m

and increases with Vpg, instead in conventional MOS transistors it is inde-

pendent of the drain voltage.

v) The capacitive coupling ration f depends on Cp and Cpp only (f = ap/ag =

Cp/CrG), and its value in the saturation region is:

Vas

a‘/DS (Ips=constant)

f=- (2.12)

Many techniques have been proposed to extract the capacitive coupling ratio
from simple dc measurements [7]. These methods require the measurement of
the electrical parameters in both a memory cell and in a “dummy cell,” i.e. a
device identical to the memory cell, but with floating and control gates con-
nected. By comparing the results, the coupling coefficient can be determined.
Other methods have been proposed to extract coupling coefficients directly

Y

from the memory cell without using a “dummy” one, but they need a more

complex extraction procedure.

2.1.1 The Reading Operation

Before explaining the mechanisms that induce charge variations in the floating

gate, let us show how equations 2.3, 2.5 and 2.7 become, considering a net charge
Q@ # 0 in the FG.

VFG = CYOVCG + OéDVD + Q <2'13)
Cror
1 1
yee = Lyre Q@ Lyre_ @ (2.14)

ag Croroc  ag Cpp
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[DSIﬁKVGS—VT— (1—L) @

- )VDS n (f - i) V,%S] (2.15)

C'TOT

Equation 2.14 demonstrates that the threshold voltage depends on the charge in
the FG. The shift AV is obtained subtracting to 2.14 the Vp value when () = 0
(2.5):

AVp =Vr — Vg =—-Q/Cpp (2.16)
represented in Fig. 2.2. The charge greatly affects the current level, which cor-

responds to the two different cell states, erased or programmed.

2.1.2 Charge Injection and Removal Mechanisms

Fig. 2.4 shows the energy band diagram of the cell for the two states, erased
and programmed. It is clear that the two oxide layers play a role of potential
barriers, while the floating gate is a potential well. Without any charge in the
storage element, the cell is in flat band condition. If the charge is stored in
the floating gate, it creates a electrical field, that bends the oxide layer bands.
The higher is the amount of the stored charge, the higher is the bands bend; as

consequence, they become thinner.

Floating gate

—

O j
Control Tunnel 8
gate oxide O
/7' — Drain| X .e. |
Blocking 1 P ' Lo
oxide . T ' Lo
f— — o)
Erased Programmed

Figure 2.4: Energy band diagram for FG cell.

Two mechanisms perform injection (and/or removal) of the charge in the float-
ing gate: the injection of electrons (or holes) over the potential barrier, called
Channel Hot Electron Injection (HEI), and, through the barrier, Fowler-
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Nordheim (FN) tunneling. The blocking oxide, thicker than the tunnel oxide,
allow us to confine the carriers in the storage element, reducing the leakage cur-
rents. It is formed by three-layer Oxide Nitride Oxide (ONO) structure, where
a thin film of SizN, is placed between two SiO, layers. On the other hand, the
tunnel oxide is made of high quality SiO,.

Channel Hot Electron

When a carrier is traveling from source to drain, it is powered by the elec-
tric field and it interacts with the lattice, losing its energy throughout lattice
vibrations. If the electric field is high enough?, electrons are not in dynamic equi-
librium with the lattice as for low fields, and a fraction of them can gain enough
energy to jump over the potential barrier and be injected into the floating gate.

Three conditions are necessary for electrons to overcome the potential barrier:
1. the electron potential energy must be higher than the potential barrier;
2. it must be directed toward the barrier;
3. the field in the oxide must be directed to collect the charge.

To evaluate how many electrons could overcome the barrier, we must ana-
lyzed the energy distribution fg(e,z,y) as a function of the lateral field e, the
momentum distribution f(F,x,y) as a function on electron energy E, the shape
and heigh of the barrier and the probability that an electron with energy E, wave
vector k and distance from the Si/SiO, interface will overcome the barrier. Each
function must be defined along the entire channel. The model becomes more
complex considering the impact ionization, which is a second important energy
loss mechanism.

The HEI current can be explained introducing the “lucky electron” model.
With this approach, the injection mechanism is attributed to the probability of
an electron “lucky” enough not to be scattered during its travel in the electric
field €, gaining enough energy to jump over the barrier. The total probability of

the event is the sum of three probabilities of the following events [7].

1. The carrier has to be “lucky” enough to acquire enough energy to jump
over the barrier and to retain its energy after the collision that directs it

toward the interface (Pp,).

2. The carrier traveling path from the direction point to the interface must be

without collisions (Pgp).

3For fields exceeding the value of 100kV /cm [8].
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3. The carrier can surmount the repulsive oxide field at the injection point,

due to the Schottky barrier lowering effect, without collision in the oxide
(Poc).

This is a simple model that is in quite good agreement with simulation results,

even if not very accurate.

PED:No collision before
reaching interface

Pg,:gains enough
energy

Poc:No collision in fiel
reversal region in
oxide

L - _Ey

SUBSTRATE OXIDE GATE

Figure 2.5: Energy band diagram describing the three processes in
involved HEI.

Another model to explain HEI, more rigorous than the previous, is based on
the quasi-thermal equilibrium [9].

In both models the relation between the substrate current I, and the injec-
tion current Ig is

I/ Ly ~ T/ Ipe™*/® (2.17)
where [, is the channel current, ®; is the impact ionization energy and ® is the
energy barrier seen by electrons to be injected in the oxide.

The substrate current is composed of holes generated by impact ionization
close to the drain voltage. Holes are always generated since the energy ionization
threshold ®; (~1.6 V) is lower than the injection energy barrier ® (~3.2 V). Some
holes can acquire enough energy from the lateral electric field to be injected in
the oxide, degrading it. The ionization process generates a lot of carriers that
can be injected in the oxide and be trapped at the interface, producing interface

states, thus degrading the device performance.



12

2. The Device

$=3.1 eV ®—>
Ec ©
Ef """"
By
N Ec¢
S, E;
Eyv
poly Si: n+ Si02 p-type Si

Figure 2.6: FN tunneling throught a potential barrier in a MOS
structure.

Fowler-Nordheim Tunneling

Fowler-Nordheim tunneling can be explained through the quantum mechanic,
according to an electron is able to penetrate a potential barrier, and the probab-
ility that this could happen depends on the distribution of the occupied states in
the injecting material and on the height, width, and shape of the barrier. The
tunneling process in an MOS structure is represented in Fig. 2.6. A negative
bias is applied to the metal electrode with respect to the p-type silicon substrate.

The following equation describes the tunneling current density:

J=A E*. e:vp(—%) (2.18)

where E is the oxide electric field, A and B are constants related to the Si/SiO,
barrier heigh:

A AT o
1672 - A meyd B 3-h-q

where my and mx are the electron effective mass in vacuum and in SiO, respect-

(2.19)

ively, ¢ is the Si/SiO, barrier height, ¢ the elementary charge, and A the reduced
Planck’s constant. It should be noted that the Fowler-Nordheim current is a func-
tion of the oxide field, and not of the applied gate voltage, but the mechanism
can happen only if the oxide field is high enough, thus a gate voltage high enough

is applied. In particular the following equation must be satisfied:

¢
q- tox
being t,, the oxide thickness. An optimum tunnel oxide thickness of about 10 nm

E>

(2.20)
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is a tradeoff between performance requirements, such as programming speed and
power consumption, and reliability constraints, which would require thick oxides,
to avoid large tunnel current density. In fact, remembering that the oxide electric
field is roughly equal to the applied voltage divided by %, since the tunnel current
is exponentially dependent on the oxide electric filed (Fig. 2.7 ), an increase of few
MYV /em leads the current density to rise some orders of magnitude [7]. This could
be a critical problem concerning process control, because a very small variation in
the tunnel oxide thickness among the cells belonging to the same array produces
a great difference in programming and erasing current. For this reason, a very
good process control is required. The result is the threshold voltage distribution

spread. This mechanism is more efficient than CHE, but slower.

100 .
FOWLER-NORDHEIM
- TUNNELING CURRENT

AN

CURRENT (&/em?2)

108
6

FIELD (MV/cm)

Figure 2.7: FN tunnel current as a function of the electric field [10].

2.1.3 Threshold Voltage Distribution

The large array organization of the cells leads to a wide distribution of the
parameters. The threshold voltage distribution for each state, pictured in Fig. 2.9
should be as narrow as possible, but in general it has a Gaussian shape, even larger
if no constraining algorithms are applied during program and erase operations.
For this purpose, two reference levels are introduced, the program verify and
the erase verify levels. The program/erase algorithms ensure the cell threshold
voltage is beyond the erase verify level after an erase operation, and above the
program verify level after programming.

Programming is obtained by applying pulses to the control gate and to the

drain simultaneously, when the source is grounded. This operation can be per-
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formed selectively by applying the pulse to the word line (connected to gates)
and biasing the bit line (connected to drain). The threshold voltage of the cell
shifts to higher value because of the negative charge injected in the floating gate.
The width of the programming pulse influences the amount of carriers injected,
thus the threshold voltage shift [7]. Both temperature and drain voltage have
an effect on threshold voltage shift: higher temperature reduces the number of
electrons available for injection in the FG, increasing the programming time, and
Vr depends linearly on the drain voltage.

Accurate programming of Flash memories is usually obtained by the incre-
mental step pulse programming algorithm (ISPP), consisting in the application to
the cell control gate of short programming pulses of equal duration and increasing
amplitude. The constant increase Vi, of the control gate pulses drives to a very
tight threshold voltage distribution, thus the V- variation per step (AVr gep) rap-
idly converges to Viiep. After each program pulse, a verify operation is inserted:
Vr is sensed and compared to a verify level. If it exceeds the program verify
(PV) level, the algorithm stops and the program operation is concluded; other-
wise another control gate step is applied to the memory cell. The purpose of the
method is to induce small variations of the cell V; by transferring small charge
packets from the substrate to the floating gate. However, due to cell size scaling,
the number of electrons controlling the cell state has critically decreased, so that
a very low number of electrons are transferred during each voltage step. This is
one of the new issues related to device scaling, introducing a spread in the final
Vr distribution. To overcome this problem a double-verify (DV) algorithm has
been introduced [11], able to get thinner Vi distribution in presence of electron
injection statistic (EIS), which will be further presented.

The erase operation requires a high voltage pulse to be applied to the source,
while control gates (connected to WL) are grounded and drains (connected to
BL) floating. Before the operation, all the cell are programmed with the same
threshold voltage value. After the erase pulse, the threshold voltage shift to
lower values depends on the applied source voltage value: each volt reduction
corresponds a one-order-of-magnitude increase in erasing time. Vp depends on
the oxide thickness too. If two FG cells with the same oxide thickness have
different threshold voltage values while programmed, after the erase they will
have the same threshold voltage. Since, in large array, FG transistors can have
little oxide thickness differences, after erasing there is a read operation to check if
all the cells are erased or not. If not, another erase pulse and check operation are
applied. The algorithm will de repeated until all the cells’ threshold voltages are
below the erase verify level. The final erased V7 has a Gaussian shape (Fig. 2.9).
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Figure 2.8: Control-gate voltage waveform used to program a
NAND cell and resulting VT transient on a 60-nm
device. Note that only positive V values can be sensed
in our NAND array [12].
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Depending on the number of bits stored for each cell there are two possible

architectures.

e Single Level Cell (SLC): is the simplest one, because each cell stores a
single bit, “1” or “0”.

e Multi-Level Cell (MLC): modulating the amount of charge in the FG,
each cell can store multiple bits. The reading/erasing/programming opera-
tions are complex because of the threshold voltage distributions are thinner
than in SLC devices. For this reason MLC memories are slower and less
robust, but it is possible to double the memory density. The output levels
must not be necessarily a power of 2, in fact it is possible to store 1.5 bit
per cell, resulting 3 output levels. In the present market, memories with up

to 4 bits per cell are available.

2.2 Array Organization

Flash memories take advantage of the electrical erase from EEPROMs and
the high density from EPROMSs, since the erase operation is performed in blocks
and there is not the selection device (necessary in EEPROMs), achieving high
density arrays. Furthermore Flash memories are very fast because of the intrinsic
parallelism.

Depending on data access and data write organizations, there are mainly two

types of architecture for Flash memories.

e NOR: the first in time to be developed, used in permanent data storage or

rarely modified data; this architecture is convenient for code storage.

e NAND: different respect to NOR because of the array organized in serial

chain of cells, convenient for data storage.

Tab. 2.1 resumes the differences between NOR and NAND-type Flash memor-
ies.

In this thesis, devices under investigation are NAND Flash memories, which
are experiencing a dramatic increase in demand thanks to their high density

storage. However also a NOR architecture description will be provided.

2.2.1 NOR Architecture

The NOR array organization is shown in Fig. 2.10. Each cell has the source
grounded through the source line and the drain shorted in the bit line, common

to many cells.
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NOR Flash Memory

NAND Flash Memory

Cell size = 10F?

Cell size = 4F?

Random access

Serial access

Slower Program/Erase

Faster Program/Erase

CHE programming

FN tunneling programming

Byte/Word Program, Block Erase

Page Program, Block Erase

Lower density

Higher densiry

Code storage applications

Data storage applications

Table 2.1: Main differences between NOR and NAND Flash memor-

1e8S.
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® Word line
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Figure 2.10: Flash NOR architecture
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Figure 2.11: Program (a) and erase (b) in NOR architecture
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For the read operation, the cell address has to be provided to the row decoder
and the column decoder. The row decoder selects the word line, raising its voltage.
The bit line, selected by the column decoder, and its current, measured by a
sense amplifier, will be significant if the cell is in the erased state, because the
threshold voltage is under the read voltage. If no current is sensed, the cell is in
the programmed state.

For programming and erasing operations, the word line selects the cell subject
to the operation. Program is carried out by channel hot electron injection: the
high current needed for this mechanism limits the parallelism of the operation.
Supposing that “0” is the data to be written, the bit line will drive a high voltage,
to allow the channel hot electron injection in the FG and consequently to increase
the threshold voltage.

Erase is performed by FN tunneling. This operation is complex, first of all
because it is applied on an entire section, secondly because the threshold voltage
of some cells must be checked, to avoid too low values and, in case, to raise the
threshold voltage to higher value. A high electric field must be applied between
source and gate, to allow the carriers to flow out from the floating gate throughout
FN tunneling.

The bit size is ~ 10 F2?, where F is the feature size of the technology, therefore
NOR cells can not be made smaller than ~ 10F2.  This limit is imposed by
the difficulty of scaling the gate length, associate to the HEI mechanism for
programming, and the array organization with a drain contact shared for each
couple of cells. The consequence is a fast random access, about 100 nm, and a slow
program operation, carried out at word level, about 5 us. The erase operation too
is slow, performed at block level, typically 100 ms. With these time performances,
NOR memory is use as read-mostly memory, with rare necessity of programming
or erasing.

In NOR architecture the manufacturer guarantees that each single bit is func-
tional and complies retention and endurance requirement. No ECC (Error Cor-
rection Code) must be implemented by the user. Typically there are different

buses for code and data.

2.2.2 NAND Architecture

The base element of the NAND architecture is not the single cell, but a serial
chain of 16 or 32 floating gate transistor, each string connected to the Drain Selec-
tion line (DS) and to the Source Selection line (SS). Several strings are connected
to the same bit line. The elimination of the shared drain contact between cells
and the scaling of the channel length, because of the different injection mechan-

ism (FN tunneling), allows to achieve a smaller area respect to NOR arrays. In
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fact the bit size is 4 F2.

p Bit line

® Bit line sel.
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e Source sel.
® Source

Figure 2.12: Flash NAND architecture

During reading operation, the selected cell has 0V applied at the control gate,
while other cells in series are biased at a voltage Vpagg, that is higher than the
programming V7?4, so that string current is determined only by the Vi of the
selected cell. The sense amplifier, placed at the end of the bit line, will detect
current only if the selected transistor has a negative threshold voltage, so it is in
the erased state. An entire page is read at once in a single parallel operation.

Both program and erase operation use FN tunneling (with opposite polarity),
that is more efficient than HEI, then currents are smaller and it is possible to reach
a great level of parallelism. Program is performed at page level, applying positive
voltage to the control gate, which capacitively couples to the FG and induces
electrons to tunnel up from the channel. Erase operation is executed at block
level, removing electrons by reversing the bias. Programming takes about 0.2 ms,
erasing about 2ms. This array organization makes NAND structure suitable
for data storage, where random access is relatively important and latency is not
critical.

An external ECC is indispensable because manufacturer does not guarantee
each single bit and bad blocks are not infrequent in commercial devices. A block
is defined bad block when it contains at least one page that has more bad bits that
can be corrected by the minimum required ECC. The manufacturer specifies the
minimum number of valid blocks (NVB) of the total available blocks, which will

not fall below NVB during the endurance life of the memory. However, thanks

4In case of MLC, Vpgg is higher than the highest programming V7 level.
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Figure 2.13: Program (a) and erase (b) in NAND architecture

to ECC, NAND Flash memory devices containing bad blocks, can be used quite

reliably. ECC increase the latency, but allow to realize more scaled devices.

2.3 Reliability

Reliability of floating gate devices is a very complex problem, because of
numerous factors that influence the two key parameters, endurance and retention,
which give a measure of the quality of the device. Reliability aspects pose the
most challenging questions for modeling, at both single-cell and array level.

There are two main categories of reliability mechanisms:

e intrinsic mechanisms, due to defects in the device structure, can affect
all the cells in a uniform way and can be studied on single cell in test

structures;

e single-bit mechanisms, due to extrinsic defects or to unfortunate config-

urations of intrinsic point defects, which occur in few cells.

In the following section will be summarized the most important factors re-
sponsible of reliability degradation in Flash memories, both intrinsic failure and

statistical effect due to single-bit mechanisms.

2.3.1 Retention

Retention is critical in any NVM device, since the ability of retain information
without power supplied is the definition of non-volatile memory. Manufactures
define data retention time, for which the device is assured to retain the stored
charge. A typical benchmark for Flash memories is 10 year, thus the device

should not lose more than a small fraction of its carriers for 10 years.
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The charge loss in the retention state is determined by tunneling leakage
currents throughout dielectrics, which could be amplified if the dielectric contains
defects. Fast program and erase operations require high voltages and current
through thin oxides, which are easily degraded. Let illustrate three intrinsic
mechanisms that lead to charge loss or charge gain.

The fiel-assisted electron emission consists of the move of one or more
electrons from the floating gate to the oxide interface, and from there they can
tunnel in the substrate, resulting a charge loss. If the cell is erased, the opposite
injection can happen. The probability that the electron could tunnel from the
floating gate to the substrate depends on the drop voltage between FG and sub-
strate, and the FG potential depends on control gate potential, throughout the
coupling coefficient between control gate and floating gate ag. Thus the leakage
current produced depends on ag and on the stress level. The charge () stored
in the FG decreases as a¢g decreases, because the electron injection during pro-
gramming is less efficient, or as level stress increases, because this causes more
negative charge trapped in the oxide. The leakage current depends exponentially

on the electric field® around the FG, which is proportionally to the charge Q:

P

2650

(2.21)

where o is the floating gate area.

The thermodynamic emission is a mechanism of carriers emission from
the FG, above the potential barrier. This phenomenon is negligible at room
temperature, while become relevant at high temperature.

The last is the electron detrapping in the gate oxide, producing charge loss,

thus threshold voltage reduction.

2.3.2 Endurance

Flash memory is required to retain its properties on being subjected to re-
peated program/erase cycles. However when oxides are repeatedly stressed at
high fields, interface and bulk traps develop in the dielectric. Program/erase
cycles cause uniform degradation of the cell performance and limit the Flash
memory endurance. Fig. 2.14 shows the result of an endurance test on a single
cell. The variations of program and erase threshold voltage give a measure of the
oxide aging.

The increase of erase Vi over cycles is due to the generation of negative traps,

whole the reduction of the program Vr is attributed to oxide traps and interface

®Because in a tunneling mechanisms, the current density is J = AE2, exp( E—ﬁ)
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states generation. The variation of the threshold program/erase voltage level,

thus the “window” closure is the result of three effects:
e variation of the transistor Vi, measured at the floating gate;
e oxide conduction variation;
e transconductance degradation, leading to higher Vi for the same Ip.

To prevent program/erase window closure is indispensable the optimized cell
design. Flash memories are typically expected to least 100,000 program/erase
cycles without wearing out. However, multi-level cells have lower endurance

benchmarks, because of a stringent threshold voltage window.
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Figure 2.14: Threshold voltage window closure as a function of pro-
gram/erase cycles on a single cell, showing endurance
characteristic [2].

2.3.3 Statistical Effects

Multiple sources of statistical variability affect the FG cell threshold voltage,
thus the array reliability during program, erase and data retention, which are
associated with the discreteness of the charge. These variability sources increase
their impact on V7 variability as technology scaling proceeds.

First of all, the statistical distribution of defects in the cell tunnel oxide leads
to RTS, SILC and erratic bits. In addition, the cell-to-cell parameter variation,
due to a more critical process control, introduces a great variability. Finally,
the miniaturization of the area leads to a reduction of the dopants and of the
electrons transferred to/from the floating gate to change the cell state, making
the discreteness of the matter a fundamental source of statistical variability.

This paragraph is devoted to the brief description of sources of statistical
variability.
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Over-erasing

In Flash memory each erasing is actually formed by a series of elementary
erase operation. After the first erase pulse, an algorithm checks if the operation
is completed, controlling the threshold voltage. The verification of the complete
erasure of all the cell belonging to the same block, which can be very large, is one
of the biggest issues in Flash technology. The threshold voltage distribution of
the erased state spreads around an average voltage, with a shape like Gaussian,
but it is not symmetrical toward lower values (Fig. 2.15). A very small percentage
of the cells has a very large threshold voltage variation, and these few cells have
an high relevance. The erasing speed of these cells is too high respect to the other
cells. Since all the cells are erased simultaneously, the time required to erase the
slowest may be long enough to over-erase the fastest cell. If the over-erased cells
exhibit a negative or zero threshold voltage, all the cells connected to the same bit

line would be read as “1” independently of they actual content. The population

106
L cycle-1

104 cycle-1 DR

gl

102 UV erase._{.

Bit #

Threshold Voltage [a.u.]

Figure 2.15: Threshold voltage distribution after different erase pro-
cedures: UV erase, after the first cycle and after 10 K
cycles [7].

related to faster cells is too large to be attributed to extrinsic defects, and it is
supposed to be due to statistical fluctuations of oxide charge and to the structure
of the injecting electrode [13]. Positive charges in the tunnel oxide and irregular
polycrystal grains may induce a local increase of the electric field, making some
cells to be erased faster than average. This physical explanation is consistent

with the tail behavior after programming/erasing cycles.

Erratic Bits

A relevant mechanism of single bit failure during programming/erasing cycles
is the occurrence of an “erratic bit”. Such bits show an unstable and unpredictable
behavior in erasing, since its erase threshold voltage changes randomly from cycle

to cycle, from the center of the Gaussian shape distribution to the lower part of
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FN current

— @hole

Figure 2.16: Erratic bit due to hole trapping.

the tail. This behavior is ascribed to an hole trapping/detrapping in the tunnel
oxide. It has been demonstrated [14] that the statistical distribution of hole traps
give a low but finite probability of having clusters of two or more positive charges
whose combined electric field effect induces a huge increase in the tunnel current.
Trapping/detrapping of a single positive charge cause a detectable change in
the erase speed, leading to over-erase failures. Since this behavior is due to
statistical fluctuations of intrinsic oxide defects, erratic bit events can be reduced
by process optimization, but not completely eliminated. They are menaged by
internal algorithm and ECC.

Stress Induced Leakage Current

One of the effect of trap generation in the oxide is the Stress Induced Leakage
Current (SILC), that appears as a gradual and continuos increase of the leakage
current. It is characterized by an uniform conduction across the whole oxide
area, due to neutral trap generation inside the insulating layer caused by elec-
trical stress. Different components contribute to SILC, that were classified by K.
Sakakibara et al. [15] [16] [17]. The DC component is the predominant for 10 nm-
oxide, such as tunnel oxide in FG memories. This component is modeled by a
trap-assisted tunneling (TAT), pictured in Fig. 2.19. The electrical stress gen-
erates neutral defects uniformly distributed across the whole oxide area. These
defects allow the trap assisted tunneling of electrons. SILC is proportional to the
defects concentration and the trap-assisted tunneling probability. The strong de-
pendence of SILC on the number of program /erase cycles is pictured in Fig. 2.17.
The reduction of the oxide thickness reduces the distance between the neutral

defects and the oxide interface, raising the probability that traps could capture
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or emit electrons. In Fig. 2.18 it is show the threshold voltage distribution of two
samples of the same lot, but with different oxide thickness. During retention the

Vr shift is higher for the sample with the thinner oxide.
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Figure 2.17: Effects of cycling on SILC. Data retention test at room temperature [2].
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Figure 2.18: Effects of tunnel oxide thickness on SILC. Vr distribution of two sales
from the same lot, but with different tunnel oxide thickness [2].

There are various theories on the origin of the neutral traps responsible of the
SILC.

e Hydrogen-induced defects: an hydrogen atom is captured in an oxygen

vacancy, this compound forms a hydrogen bridge® for electrons.

e Anode Hole Injection (AHI): electrons with high kinetic energy injected
into the floating gate cause anode hole generation in the floating gate (Fig.
2.20), which leads to degradation of the cell, such as threshold voltage shift
and, ultimately, the breakdown [18].

e The third model [19] includes both holes and hydrogenous species. Holes,

generated and injected into the oxide, can be trapped or react with Si—H

6The hydrogen bridge is a complex of a hydrogen atom and an oxygen vacancy: the hydrogen
replaces an oxygen atom and the structure can be positively, negatively or neutrally charged
depending on the electrons trapped (none, two or one respectively).
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Figure 2.19: Trapped-assisted tunneling.

bonds in the dioxide layer, producing hydrogen release, according to the

following reaction:

Si-H+ht™ —Si+HT
Si—-H+h* —Si"+H

The first forces will lead to the release of positive hydrogen ions, while the
second the release of neutral hydrogen atoms. The mobile hydrogen can
then drift or diffuse towards the interface, where it can break a Si—H bond

and create an interface trap, according to one of the following reactions:

Si-H+H*+e~ — Si+H,
Si-H+H — Si+ H,

Hydrogen and hydrogen-related compounds are present in the silicon dioxide,
because the oxide is grown in H,O ambient and because H is used to passivate the
silicon dangling bonds at the interfaces. All these mechanisms well explain the
defect generation and they may all contribute simultaneously to produce traps
involved in SILC.

Anomalous SILC than can not be explained with the trap assisted tunneling
(TAT) mechanism have been attributed to two trap assisted tunneling (2TAT)
(Fig. 2.21).

Electron Injection Spread

The discrete nature of the electric flow charging the floating gate determines
the accuracy of the program algorithm in nanoscale cell. As illustrated before, in
order to obtain tight V7 distribution after program, the control gate voltage is not

kept constant during the programming transient, but s increased as a staircase
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with fixed step amplitude. After each step, Vr is sensed and compared to a
verify level. Small variation of Vi are obtained transferring small charge packets
from the substrate to the floating gate. Due to memory cell miniaturization, the
number of electrons for each packet is very low. The statistic of the electron
injection introduces a spread in the final Vi distribution.

Compagnoni et all. [12] have presented a model for the EIS. The spread of
AVr is related to the spread of the number of injected electron n by the following
equation:

4
OAVy = C_PP 0'7% (222)

where ¢ is the electronic charge. By assuming that n is ruled by a Poisson

statistic, its variance o2 is equal to its mean 7 and equation 2.22 become:

q \/: q
= S — 2.23
O T Cpp Y TN oy 229

since AVy = gqn/Cpp.
The effect of the injection spread on the Vi distribution respect to the program-
verify level Vj,, is shown in Fig. 2.22. While neglecting the injection spread, the

maximum value reached by Vr is Vi, + Vitep, considering the EIS, larger values

can be obtained, allowing the cell to move farther away from the verify level. The
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Figure 2.22: Cumulative probability for V7 —V,,, assuming constant-
current NAND programming with different Vyep, values
(60nm technology)[12].

Poissonian behavior should be carefully considered for evaluating the impact of
EIS on the programming algorithm accuracy. Furthermore the miniaturization
of cell leads to a reduction of C'pp, which according to equation 2.23, determine

an increase of oay;.
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Random Telegraph Signal

Random Telegraph Signal (RTS) is a stochastic fluctuation between two levels
of the device threshold voltage, induced by the capture or emission of a single
electron in a gate oxide trap. Fig. 2.23 is an example of RTS fluctuation detected
in a Flash memory cell. Random variations of cell Vi may give rise to erroneous
data reads or erroneous program operation, since also program algorithm in-
cludes verification steps. This is particularly critical for MLC application, whose
threshold voltage cell control is more critical.

Adopting a simple electrostatic approach and assuming trap located at the
substrate/tunnel oxide interface, the following equation estimates the threshold

voltage shift caused by the capture/release of a single electron [20]:

qtox

A st __
VT LWEOXOéG

(2.24)

where ¢ is the electron charge, £, the tunnel oxide thickness, L and W the channel
length and width respectively, and ag the capacitive coupling coefficient between
control gate and floating gate. Equation 2.24 is a simple electrostatic approach:
in the case of W = L =45nm, t,, =7nm and ag =0,65, AVZ' result 25mV, a

quite low value.

V. [a.u]

My

0.0 0.2 0.4 0.6
Time [sec.]

Figure 2.23: Example of RTS measured in the time domain for a
single Flash memory[20].

However it has been reported that NVMs feature RTS with magnitude much
larger than the value predictable by equation 2.24, calling this phenomenon “Gi-
ant RT'S” [20].

The amplitude of RTS V; fluctuations has been shown increase upon chan-

nel size downscaling. This size dependence is explained by percolation effects,
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through non-uniform V landscape in the random doped channel and by confine-

ment effects of the current at the channel edges, due to local field enhancement.

Other Variability Sources

The first and the most relevant source of statistical variability in nanoscale
devices is the random discrete dopants (RDD). Statistical variability simu-
lations [5] demonstrate that RDD causes the reduction of the average threshold
voltage. The reason is that RDD induces current percolation path in the channel,
which leads to early turn on of the FG cell.

The second most important source of variability in Flash memory cell is in-
terface trapped charge (ITC). The average threshold voltage increase because
of charge trapped at the surface of the device. As for RDD, the distribution of
the trapped charges is governed by Poisson distribution.

Line edge roughness (LGR) of gate induce a smaller variability respect
to RDD and it is due to the short channel effects around the nominal channel
length. Line edge roughness affects also shallow trench isolation (STI), resulting
in random STI roughness (LSR). In this case the induced variability (half the
value of LGR) is due to the channel width dependence of the threshold voltage,
which is weaker compared to the channel length dependance.

Oxide thickness fluctuation (OTF) has a small impact on statistical
variability considering the relative thick (8-nm) oxide in Flash memory cells.

Finally polysilicon granularity (PSG) causes an increase of the average
threshold voltage because of the increased potential at grain boundaries, but he

variation is small due to the thick tunnel oxide.

2.4 Scaling Issues

The effort of semiconductor memory technology is constantly focused on ac-
commodate more cells per unit of wafer area. The main purpose is the cost-per-bit
reduction, obtained by cell size scaling. However downscaling must be suppor-
ted by redesign in new technology, considering that high density require high
performance dielectrics and high voltage architectures.

While the cell basic structure has not changed throughout different generation,
scaling down has been carried out on the cell area, through active area and passive
elements scaling. The reduction of the channel length not only allows increasing of
density, but also speeds up the program operation, because carrier injection into
the FG is more efficient. However decreasing L, the capacitive coupling between
FG and drain increases, enhancing the probability of punch-through and drain

turn on. The fair channel length comes from a tradeoff between performance and
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disturb.

Another relevant issue in Flash memory is the relatively high voltage needed
to programming and erasing, operations based on physical mechanisms (FN and
HEI) whose parameters do not scale. Concerning the tunnel oxide thickness, it
is limited at 7-8 nm, in order to comply data retention requirement of at least 10
years’. In fact, thinner oxide facilitates trap assisted tunneling process caused by
oxide aging. As consequence, amplitude of RTN V; fluctuations increases. The
interpolydielectric too is limited to about 12-13 nm by the coupling coefficient
ag. Furthermore, reducing the cell-to-cell distance causes parasitic coupling cross
talk, which contribute to Vi distribution width. This issue is especially relevant
for NAND Flash memory, because of its high density: since cells are very close to
each other, scaling of NAND Flash memory is limited by parasitic interferences
between adjacent cells. This is especially critic for multi-level cells.

Finally scaling down implies less electron per bit, making the stochastic nature
of quantum-mechanical tunneling be more evident. The control of the amount of
charge injected is degraded and the precision of program and erase operation is
affected. Statistical effects, such as Electron Injection Spread, are more effective.
Therefore scaling of planar Flash is getting to the end, because of structural limit
and device physic limits [2].

Future alternative will follow mainly two paths [21]: one aimed at overgo-
nig the scaling limit of the planar Flash by 3D structures, such as FinFET and
stacked /vertical Flash, the second implementing alternative charge storage mech-

anisms, such as phase-charge memory (PCM) and resistive switching memory
(RRAM).

2.5 Conclusions

Basic concepts of Flash memory have been reviewed: the physics mechanisms
used to store and remove charge from an FG, thus enabling information storage.
The main reliability aspects have been analyzed, since reliability is becoming a
critical issue with downscaling. Problems related with oxide defects and its wear
out, and especially issues coming from the discrete nature of the electrons flow
have been analyze, since the small (25nm) size of the devices object of this work.

These concept will be recalled during the analysis of the experimental results.

"In Chapter 3 the maximum number of electrons lost from the FG will be quantitative
evaluate.
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Chapter 3
Radiation Effects

Failure on satellite electronic components from the natural space radiation
environment has become to acquire interest side the early 1960’s, when high
altitude nuclear tests® increased the radiation levels in the Van Allen belts. The
complexity of failure in space system electronics has increased as the devices trend
to miniaturization. Furthermore, the development of many device types, levels
of integration and technologies, has widened the failure mechanisms.

Nowadays we are almost totally dependent on successful space systems, whether
they be military, research or commercial missions. It is essential to assure a
high level of confidence that space system electronics will complete their mis-
sions without radiation-induced failures. This purpose requires not just accurate
ground-based test data for the device and a accurate model for prediction the
device performance in space, but also requires precise modeling of the space radi-
ation environment. Over-specification, thus over-hardening, leads to unnecessary
expense, whole under-hardening leads to time consuming anomalies and prema-
ture failure.

In this chapter a brief introduction will focus on the space radiation environ-
ment and its effect on electronics. Then, it will focus on radiation induced effects

on Flash memory device.

3.1 Space Radiation Environment

The natural space radiation environment is composed by two major elements:
the transient environment, made up by all of the elements of the periodic table,
and that trapped, consisting of particles confined by the magnetic fields of most
planet.

!The Starfish test of 1962 contaminated the inner belt with electrons form many years.
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outer zone

inner zone

Figure 3.1: Diagram of the Earth’s Van Allen radiation belts.

Van Allen Belts

Particles with defined charge, mass, energies and trajectories can be captured
by Earth’s magnetic field, forming the Van Allen belts (Fig. 3.1). The presence of
the these trapped particles is attributed to several physic mechanisms: the accel-
eration of low energy particles by magnetic storms, the decay of energetic neutrons
produced by the interaction of cosmic galactic rays with the atmosphere?, and
solar radiation.

Van Allen belts are divided in two, an inner belt, extending to 7 earth radii
and consisting of energetic protons up to 600 MeV and electrons, up to several
MeV, and an outer belt, trapping mainly electrons, extending to 10 earth radii,
with energies up to 7 MeV. The Earth’s atmosphere is the lower bound for Van
Allen belts, because trapped particles, interacting with terrestrial atmosphere,
lose their energy. The standard models of the trapped protons and electrons
are AP-8 and AE-8 respectively®. Fig. 3.2 is a sketch of the Van Allen belts as
predicted by AP-8 and AE-8 trapped particle models. On the left a cross section
of the trapped protons is depicted, on the right the one for trapped electrons.

Transient Environment

Between many types of radiation making up the the transient environment,
the two most important component for radiation effect in spacecraft are Galactic
Cosmic Rays (GCRs) and particles emitted during solar events.

GCRs are a flux of energetic charged particles, formed by 83% protons (hydro-

gen nuclei), 13% alpha particles (or helium nuclei), 3% electrons and 1% heavier

2This mechanism is called cosmic ray neutron albedo decay (CRAD) and it is the most
significant source of energetic particles in the inner zone.

3Tons with Z >1 can also be trapped by Earth’s magnetic field, although the intensities for
these ions are lower than those for protons and electrons and their effects on microelectronic
systems are second order in most case.
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Figure 3.2: Artistic representation of the Van Allen belts as pre-
dicted by AP-8 and AE-8 models.

ions (Z>2), covering the full range of elements. The ion energies range from tens
of MeV/amu to hundreds go GeV/amu. The source of CGRs is far from our
solar system, for this reason the flux is omnidirectional. They are partly kept out
by the Earth’s magnetic field and have easier access at the poles compared with
the equator. If a cosmic ray enters in the Earth atmosphere, it interact with air
nuclei, generating a cascade of secondary particles, called secondary GCRs.

Not all of radiation impinging on Earth originate from distant sources. The
sun is responsible for changes in the interplanetary and near-Farth radiation
levels. The magnetic solar field is highly variable: it has a long term variation,
that occurs in a 22-year cycle, and a short term variation, in the form of intense
and short storm phenomena (solar flares and coronal mass ejection) [22]. Actually,
the solar cycle is 11 years long: at the end the solar magnetic polarity reverses,
and another 11-years cycle follows (Fig. 3.3%) . However the polarity change has
not effects on trapped particles in earth magnetic field, but it influences only
the CGRs flux. In the 7 years during solar maximum, the sun emits particles,
comprising both protons and heavier ions (96.4% protons, 3.5% alpha particles,
0.1% heavier ions), accelerated during solar flares and coronal mass ejection.
Typical energies range up to several hundred MeV, occasionally several GeV.
During 4 years of solar minimum the activity levels are low. The solar wind,
composed by plasma (i.e. ions and free electrons) and ionized gas, continually
emitted by the sun, tends to modify the external magnetic earth field (up to
5-6 earth radii), which is in order subjected to alteration depending on the solar

cycle. The magnetosphere results compressed at the sun side, while the opposite

4The F10.7 index is a measure of the solar radio flux per unit frequency at a wavelength of
10.7 cm, near the peak of the observed solar radio emission. F10.7 is often expressed in SFU or
solar flux units (1 SFU = 10722 W/m?Hz).
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side is more extended (Fig. 3.4). Solar particles are less penetrating than CGRs
and only a few events in each cycle can reach aircraft altitudes or ground level.
However the sum of GCRs and high energy solar particles (SEP=Solar Energetic
Particles), emitted during solar storm, could considerably increase the incident
flux of particles on spacecrafts and penetrate, according to their energies, in the
magnetic earth field, being significant for satellites.
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Figure 3.3: Measured values of solar 10.7 cm radio flux.

Figure 3.4: Coronal mass ejection and the solar wind effect on the
magnetic field

Terrestrial Environment

GCRs and solar particles which penetrate the magnetosphere, is attenuated
by the interaction with the earth’s atmosphere, because of the interaction with
oxygen and nitrogen atoms. The result is showers of secondary particles, such as
protons, electrons, neutrons, muons and pions (Fig. 3.5). However, neutrons are

the most important component concerning radiation effects on electronic devices.
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Figure 3.5: Interaction of cosmic galactic rays rays with the atmo-
sphere.

The intensity is maximum at an altitude of 20km and drops off at sea level
where the fluence of neutrons with energy >20MeV is 10° neutrons/cm? a year.
For avionic applications, neutrons are the dominant factor in producing Single
Event Upsets (SEUs).

In addition, on earth are present both natural and man-made radiation, but
dose level are below 1 rad per year [23], suggesting that is not very relevant for

ionizing or non-ionizing radiation damage in electrical components.

3.2 Basic Concepts

An atom results ionized when it looses one or more electrons, becoming an ion.
The ionizing radiation is the radiation able to induce the emission of electrons
from the atom with which it interacts. It is caused by the interaction of protons,
electrons, energetic heavy ions and photons with the matter. From the standpoint
of radiation interaction with matter, different types of incident particles produce
different effects. The first important distinction is between ionizing radiation, able
to ionize atoms and molecules of the target matter, and non-ionizing radiation,

which interacts with the material by transferring thermic energy.
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3.2.1 Dosimetry

Dosimetry is the study of how dose is deposited in matter. To define same

basic concept rigorously will help to understand radiation interaction with matter.

e Flux: the number of impinging particles for area and time units:

Particles

¢

Area x Time

e Fluence: the number of impinging particles for area unit, thus it is the

time integral of the flux:

Particles
= — -2 3.2
Troa (cm™) (3.2)

e Dose: the mean energy adsorbed per unit mass of irradiated material at
the pout of interest, P. If AEp is the mean energy imparted by ionizing

radiation to matter of mass Am, then:

AED
Am
If AFEg is the ionizing radiation energy entering the mass element Am and
AFE] is the energy leaving it, then AEp = AEg — AE;. The SI unit of

dose is the gray (Gy):

D=

(3.3)

1Gy=1J/kg
The customary unit of dose is the rad (radiation absorbed dose):
1rad=0.01 Gy.

Since the adsorbed dose depends on the material of interest, the specific

material is always referenced in parentheses right after the name of the unit
(e.g. rad(Si), Gy(GaAs), etc.).

e Dose Rate: the time ratio of charge of absorbed dose. If dD is the incre-

ment of absorbed dose in the time interval dt, then:

D =dD/dt. (3.4)
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Radioisotope sources, such as ®°Co and 3Cs irradiators, have such a slowly
varying dose rate that it can be assumed constant for the duration oh the

test?.

3.2.2 Basic Radiation Effects in Device
Three important effects occur when a component is exposed to radiation:
1. Effects due to Total Ionizing Dose (TID)
2. Single Event Effects (SEEs)
3. Effects due to Displacement Damage Dose (DDD)

Tab. 3.1 resumes radiation effects on spacecraft electronics, categorizing
particles by their origin. Several mitigation techniques have been developed
against radiation effects, at different levels: circuit level, using specific technolo-
gies and process, design level, by ad hoc logic structures, system level, modifying

software /hardware.

3.3 Total Ionizing Dose

Ionizing radiation is radiation that has enough energy to break atomic bonds
and create electron-hole pairs in the material of interest. lonization damage of a
target material is caused by protons, electrons, energetic heavy ions and photons.

The amount of ionization is described by the total dose absorbed. The main
consequence of this energy deposition is the trapping of either or both electrons
and holes created in dielectric materials, and the subsequent alteration of the
proprieties of the devices. Degradation of a single transistor making up a device
typically comes in the form of increased leakage current or as a result of threshold

voltage shift.

3.3.1 General Overview

Analyzing in detail, the physical processes that leads from the initial depos-

ition of energy by ionizing radiation to the creation of ionization defects are:
1. generation of electron-hole pairs;
2. recombination of a fraction of pairs;

3. transport of free carriers remaining in the oxide;

5The absorbed dose rate produced by pulsed radiation source such as flash x-ray generators
and LINACs changes very rapidly with time. In this case the dose rate is taken to mean the
absorbed dose rate at peak of the pulse.
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Particle Origin | Particle Typical effect
Protons TID
SEEs
DD
Solar cell degradation
Electrons at L<2.8 TID
Trapped Solar cell degradation
Electrons at L>2.8 TID

Solar cell degradation
Electrostatic discharging

Heavy lons Possible SEE
Dose exposure for Humans
Solar Protons TID
SEE
DD
. Solar cell degradation
Transient Solar Heavy lons SEEs
Galactic Cosmic Rays SEEs
Dose exposure for Humans
Plasma Electrons Deep Dielectric Charging
Neutrons-Atmospheric SEUs in Avionics
Secondary
Neutrons-Spacecraft DD
Shielding

Table 3.1: Radiation effects in spacecraft electronics.

4. formation of trapped charge via hole trapping in defect sites or the formation

of interface traps.

A fraction of the incident particle’s kinetic energy is lost for the creation of
electron-hole pairs. The mean energy F, needed to ionize the material is strongly
dependent on the band gap of the material. Thus the number of pairs generated
for a given dose depend on E, as well as the material density®.

Fig. 3.6 is a plot of a MOS band diagram for a p-substrate and a positive
applied gate bias. Once generated, a fraction of the pairs are annihilated through
either columnar or geminate recombination, depending on the radiation LET:
low LETSs cause geminate recombination, while high LETs cause columnar re-
combination. Furthermore electron-hole pairs surviving geminate recombination
is greater than that surviving columnar. The recombination rate is also a function
of the electric field within the material. Surviving pairs increase as the local elec-

tric field increase. The fraction of electron-hole pairs which escape recombination

6 In SiO, E, is 17eV and the pairs density per rad is 8.1 x 10'? pairs/cm?.
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Figure 3.6: Illustration of the main processes in TID damage

is called electron-hole yield. Electrons which escape recombination will rapidly
drift toward the gate and holes will drift toward Si/SiO, interface. Those holes
which escape initial recombination are transported through the SiO, toward the
Si/Si0, interface by hopping through localized states in the oxide. As the holes
approach to the interface, a fraction of them will be trapped in oxygen vacancy
and subsequently an E’ center is formed. The net positive oxide trapped charge,
Qot, depends on the electric field in the dielectric material. Hydrogen ions (H™)
are released as holes “hop” through the oxide or as they are trapped near the
Si/Si0, interface. The hydrogen ions can drift to the Si/SiO, where they may
react to form interface traps (V). In fact, Si/SiO, interface is characterized by
the presence of silicon dangling bonds, called P, centers, in which the central
silicon is back bonded to three other silicons. Generally dangling bonds are pas-
sivated by hydrogen, but proton (H™) diffusing or driven by the electric field to
the Si/SiO, interface can remove the hydrogen atoms from the H-passivation.
In addition to oxide-trapped charge and interface-trapped charge in the gate
oxide, charge build up also occurs in field oxide and silicon-on-insulator (SOI)
oxide. The radiation-induced charge buildup in gate, field and SOI oxides can
cause device degradation and circuit failure. For example, positive charge trap-
ping in the gate oxide can invert the channel interface causing leakage current to
flow in the off state condition (when the transistor is turned off, V55=0). This
will result in an increase in the static power supply current of the device and
may also lead to failure. The same for positive charge buildup in field and SOI
oxides can cause rage increase in the static power supply leakage current (caused

by parasitic leakage paths in the transistor). For advanced devices,with very thin
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gate oxide, radiation-induced charge buildup in field oxide and SOI oxides dom-
inates the radiation-induced degradation. Large concentrations of interface traps
can decrease the carrier mobility and increase the threshold voltage of n-channel
transistors. Transistor parameters result degraded.

Considering a MOS device, the threshold voltage shift caused by interface
traps, AV, is:

qA Ny
Cox

AVy = — (3.5)
where ANy is the interface trapped charge. AQ);; can be positive, negative, or
neutral, depending on the Fermi level at the interface and on the substrate type.
Interface traps are called amphoteric states: the upper half above the intrinsic
level are acceptors, that means that they “accept” an electron, becoming negative
charged, while the lower half are donors, thus they “donate” an electron to the
silicon, becoming positive charged. For a p-channel transistor, the lower part
of the band gap (above the Fermi level) is characterized by positive interface
traps, on the other hand, for n-channel transistor, the upper part of the band gap
(between Fermi level and intrinsic level) has negative charged interface traps.
The threshold voltage shift caused by oxide traps, AV, is:

A]\/vO tOX
L C L YN (3.6)

C10)( € oxX

A%t:_

where AN, is the equivalent charge density, considered as all trapped placed at
the interface. For previous consideration on the oxide thickness, Ny is relevant
for oxide thickness >6 nm.

The final threshold voltage shift considering both interface traps and trapped-
oxide charge is AVy = AV + AVj.

3.3.2 Charge Yield

As previously described, if an electric field exists across the oxide of the tran-
sistor, once electron-hole pairs produced, electron and holes are transported in
opposite directions. Since electrons have a high mobility in silicon dioxide, they
are swept out in picoseconds. However, some of them recombine with holes in
the oxide valence band. The amount of pairs which recombine is highly depend-
ent on the electric field in the oxide and the energy and type of the incident
particles. Strongly ionizing particles generate a dense electron-hole pairs column,
and the recombination rate is relatively high. On the other hand, weakly ion-

izing particles form quite isolate charge pairs, and recombination rate is lower.
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As the electric field increases, the recombination probability decreases. The total
amount of holes, N, which escape this first recombination is given by:

Ny, = f(Eox)goDtox (3.7)
where f(FE,y) is the hole yield as a function of the oxide field, D is the dose, t. the
oxide thickness and g, is a material parameter which gives the initial pair density

per rad of dose [24]. In the case of silicon dioxide gy=8.1 x 102 pairs/cm?.

3.3.3 Oxide Traps Neutralization

The trapped charge in the oxide will be neutralized, depending on the tem-
perature and electric field. Thus AV,; decreases following a logarithmic time
dependance [24]. Oxide-trap charge decreases as temperature increases, because
detrapping is a thermally activated process. Furthermore trapped-charge neut-
ralization is bias dependent: as the bias voltage rises, AV, decreases.

Two mechanisms allow the neutralization of the oxide-trap charge:
e the tunneling of electrons from the silicon into the oxide traps;

e the thermal emission of electrons from the oxide valence band into oxide

traps.

The probability of an electron tunneling from the silicon into the oxide is given
by [24]:

Pen = ™ (3.8)
where « in the attempt to escape frequency, x the distance of the trap from the
Si/Si0O, interface, and (3 is a tunnel parameter related to the electron barrier
height. The tunneling probability is independent of temperature, but exponen-
tially related with the distance of the trap from the Si/SiO, interface. However
the medium free path for an electron into the oxide is about 2nm, thus a trap
more than 2nm from the interface is inaccessible to the electron. The rate of
oxide traps neutralized by electron tunneling is highly dependent on the spatial
distribution of traps into the oxide.

The second neutralization mechanism, the thermal emission, is ruled by the
probability pe,, on an electron being emitted from the oxide valence band into a
trap:

Pem = AT?e9t9/kT (3.9)

where ¢, is the energy difference between the oxide valence and and the trap
and A is a constant, which depends on the capture cross-section of the trap. The
phenomenon is strongly dependent on the temperature, in fact it is thermally
activated, and independent on the position of the trap. In this case, the neutral-

ization rate depends on the energy distribution of traps.
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Temperature and bias dependence of oxide-traps neutralization is affected
by the traps spatial and energy distribution, which both depend on the device
fabrication conditions.

In addition to neutralization by electron tunneling and thermal emission,
oxide-traps can be compensated by radiation-induced electrons trapped at elec-
tron trap sites associated with trapped holes.

Concerning interface-traps, they do not anneal at room temperature.

3.4 Radiation Induced Failure in Flash memory

Both Total Ionizing Dose and Single Event Effects impact the reliability of
Flash memories. Several studies about TID and SEE on FG memory demon-
strated that the control circuitry is the most vulnerable part of commercial
devices. It includes the charge pump, used to obtain the high voltages needed for
read, programming and erasing, the output buffers and the state machine, used
to control the circuit. However information in FG cell is based on the presence
or absence of charge on an electrical conductor and the charge generated by the
radiation may lead to the corruption of the stored data, through the degradation
of the threshold voltage. Galactic cosmic rays and protons from solar flares can
upset the in internal circuitry as well s the FG arrays. Upsets such as incorrect
read /write operation can occur, or functional interrupt until the internal circuitry
will reinitialize.

As Flash memory devices are going towards higher density structure, through-
out scaling down, the radiation sensitivity is becoming more and more critical.

The following analysis of radiation effects will start from the FG cell, then

will examine the peripheral circuitry.

3.4.1 Floating Gate Cell

In general, an error occurs in a FG cell when the ionizing radiation induces
a threshold voltage shift large enough to bring the Vi of the cell below the read
voltage. This happens both for total ionizing dose and single event effects, but
since this thesis deals with TID effect on FG cell, the description of only this type

of radiation effects on Flash memories will be provided.

Total Dose Effects

Since the threshold voltage is not visible to the user, but only the digital value,
the error is detected if the output is “1” instead of “0”. As well know, this is due
to the radiation-induced threshold voltage shift.
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Three main mechanisms, depicted in Fig. 3.7, have been identified as respons-
ible for the threshold voltage shift [25].

1. Injection into the FG of holes generated by the impinging radiation in the
oxides surrounding the FG: these holes recombine with the stored electrons,

reducing the negative stored charge.

2. Charge trapping in the tunnel oxide. However, this component is typically
small because of the small oxide thickness, but it may give rise to visible

effects over time after exposure, causing error reduction.

3. Electrons stored in the FG can gain enough energy from the ionizing radi-
ation to be emitted from the FG over SiO, barrier towards the substrate or

the control gate.
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Figure 3.7: Three mechanisms responsible for the TID induced shift
of the threshold voltage in floating gate cells.

Let analyze in detail the process. Ionizing radiation imparts energy to oxide
regions surrounding the FG and electron-hole pairs are generate (an electron-hole
pair is generated for every 17eV lost by radiation in the SiO,). The number of
carriers generated depends on the material and the volume available. A fraction
of electron-hole pairs will recombine in very short time. This fraction depends
on the electric field across the oxide E: the greater the electric field, the greater
the fraction that escape recombination. The remaining carriers are subject to

thermalization. Electrons, which are more mobile than holes, are swept away from
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the oxide, under the influence of the oxide electric field. Really this description of
different phenomena in sequential order is not realistic for 10nm (or less) oxide
thickness, but recombination, thermalization, electron transit times happen at

the same time [26].

Hole Injection and Trapping

The remaining holes drift under the influence of E toward the FG. The pos-
itive charge injected in the FG reduces the net amount of electron charge stored
because of the recombination, thus decreases the threshold voltage. Positive or
negative charge trapping in defects generated by these holes can be neglected in
thin (< 10nm) oxides.

Tunnel oxide Tunnel oxide

STI Substrate STI Substrate

Source

Figure 3.8: Schematic representation of a FG memory cell (out of
scale).

Instead, carriers behavior in the oxide-nitride-oxide (ONO) dielectric over and
around the FG is more complex. In fact the nitride layer has a very high recom-
bination rate and the charge generated into it is almost zero. First considering
the SiO, layer in contact with the FG (Fig. 3.8), all the holes generated there
that survive recombination are injected in the FG. There they recombine with
electrons, so that the amount of charge stored in the FG decreases. In the second
Si0, layer, over the nitride one, holes surviving recombination are injected in the
SisN,, as well as electrons surviving recombination in the SiO, layer in contact
with the FG. Because of the reduced barrier height of the nitride in comparison
with SiO,, carriers injected in it will not drift to the SiO,. Modeling the charge
in the nitride layer as a charge sheet at the interface between bottom SiO, and
SisN,, whose amount is given by the difference between positive and negative
charge [26]. This charge is almost zero if the two SiO, layers have the same thick-

ness, otherwise this charge sheet distribution must be considered. However its
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effects can be neglected, being less than 1% the charge generated in the tunnel
oxide and in the bottom SiO, layer.

Electron Photoemission

Photoemission is the third mechanism present during irradiation. It is due
to the interaction between the radiation and the charge in the FG. Electrons hit
by the impinging radiation gain enough energy (4.3 eV or more) to surmount the
potential barrier. Once the electrons are in the oxide, they are quickly swept away
by the electric field. It should be noted that this mechanism does not decrease
as the FG thickness or oxide thickness is reduced, partially because there is no

more scaling of oxide thickness from one generation to another due to reliability
issues [26].
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Figure 3.9: Total ionizing dose effect of threshold voltage distribu-
tion in NOR arrays after irradiation with 1 krad(Si), 10
krad(Si), 100 krad(Si), with 10-keV X-rays [27].

Fig. 3.9 shows the changes induced by total dose irradiation on the threshold
voltage distribution of a NOR architecture. The programmed distribution moves
towards lower voltage values, while the erased distribution shifts to higher val-
ues. Both go towards the intrinsic distribution, which is the state of no charge
net charge in the floating gate and is typically between the two distributions in
NOR devices. Depending on the position of neutral threshold voltage, total-dose-
induced errors occur prevalently in the programmed or in the erased cells. Fig.
3.10 illustrates the concept. If the neutral threshold voltage is placed below 0V, a
complete discharge of the floating gate will cause the programmed cell to be read
as erased. On the contrary, if the neutral threshold voltage distribution is placed
above 0V, the erased cell will be read as programmed. If the neutral threshold
voltage distribution stays on both sides of 0V, both the types of errors can be
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detected. In the devices object of the experiment, only errors in programmed
cells have been detected, as will be presented in the following chapter.

In case of multi-level cells, the output interpretation may be more complex,
because of the multiples threshold voltage distributions related to multiple pro-
gram levels, however, as for single level cells, it has been observed [28] a globally

shift toward the neutral distribution.
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Figure 3.10: Sketch of the of Vp distribution shift due to TID.

3.4.2 Peripheral Circuitry

The corruption of the peripheral circuitry leads to a type of errors called
dynamic errors, opposite to static errors caused by floating gate failures.
Dynamic errors are present in one read cycle and disappear in the next one,
because of an incorrect reading operation on a whole block. Such failures are
called Single Event Functionally Interrupt (SEFI) and are delated to a strike in
the embedded microcontroller [3]. Analyzing the NAND architecture, to perform
a read operation, the row decoded selects the desired page in the FG array. The
selected page is transferred to the page buffer (PB), from where the data are
output byte by byte to the device pins. For the writing, operation sequence is
the opposite. While in the PB, data are sensitive to radiation: if a ion strike the
PB, a dynamic error occurs. Since each time the page is accessed in the FG array
the page buffers are corrected, the SEFTI is visible only in one cycle. SEFI can
be restored by repeating the operation failed, resetting or by power cycle. This
is one of the Flash memory advantage, since no data loss occurs after a power
cycle.

Concerning total dose, the most sensitive part is the pump circuitry. This
block have the function of providing the high voltage needed for programming
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and erasing, and also for reading in modern devices. Generally three different

charge pumps are present.

1. The read pump generates the high voltage needed to read the array and

verify the correctness of program/erase operations.

2. The program pump provides the high voltage needed to injects charge
through Fowler-Nordheim tunneling in the floating gate. It is used during
program and erase operations by applying voltage at different terminals, in

order to inject or removal carriers.

3. The pass pump is used during programming and erasing, to avoid injection
of charge in unwanted cells belonging to the same word line of the selected

ones.

Charge pumps work by charging some capacitors and connecting them in series
to reach the high voltage. This block is the most critical for ionizing radiation
tolerance. The voltage output must be well calibrated for make the memories
work correctly and this low tolerance, combined with high voltage values, leads
to failures. In fact pump circuity is one of the firs cause of failure during total dose
tests. Fig. 3.11 is an example of charge pump voltage degradation. Charge pumps
are also sensitive to heavy ions: single event gate rupture have been reported.

The voltage generated can be degraded because of Vi shift in the transistor
and leakage increase, due to charge trapping in the STI, both after TID exposure
and heavy-ion irradiation. For example, in NAND architecture the read pump
must provide a voltage (Vrgap) high enough to guarantee that both erased and
programmed cells are turned on. If this voltage is lower that designed, because of
total dose, and it is not able to turn on even a single transistor of the string, all
the cell belonging to this string will be read as programmed (no current sensed),
whatever their actual state. Degradation in the program voltage provided by
the program pump (Vproe) has been reported [29]. The failure dose is lower in
this case because of the higher generated voltage respect to Vggap. Furthermore
variation in program pumps are more critical than in read pump.

Still referencing to NAND architecture, radiation effects in the row decoder
exhibit a behavior similar to the charge pumps degradation, but at higher doses.
All the cells are read as programmed, regardless they programming condition
before irradiation. The failure happens because some transistor, that should be
turned on, are actually off, or because leakage discharges some nodes that were
pulled high, blocking the current flowing in the string. In particular one of the

following condition may occur [29]:
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i) SSL or/and DSL are not turned on;

ii) the gate of the cell to be read is not grounded, due to failure in some pass
transistor;

iii) a voltage lower than Vzpap is provided to the transistor belonging to the
same string of the cell to be read.

Program faul

Vprogram [a.u.]

0 50 100 150 200 250 300
Dose [krad (5i)]

Figure 3.11: Degradation of the output voltage of a Flash charge
pump as a function of total dose.

Heavy ions with high LET could lead to destructive events (DE) [30], con-
sequence of a current spike, without the possibility of any recovery action. It has
been demonstrate that charge pumps play a crucial role in DE.

3.5 Conclusions

In this chapter have been presented the main issues related with radiation
effects on electronic devices. An initial general overview has been useful to
roughly understand the ionizing radiation sources and their effects on semicon-
ductor devices.

It has been paid particular attention to floating gate cell response to TID,
since Flash memories capacity and non-valatility makes them attractive for space
applications, due to the lack of corresponding rad-hard parts with comparable
size. Total dose affects primarily the control circuitry, because of the degradation
of the charge pump circuitry. Failure dosed vary widely between manufactur-
ers and different generations, since the ratio between deposited charge by the
impinging radiation and stored charge increases.

This analysis of ionizing radiation induced effects of Flash memory will allow

to interpret experimental result presented in the following chapters.



Chapter 4

Experiment

In this chapter the experimental procedure developed for the TID test will
be exposed. Features of the Flash memories under test and of the tools used to

realize measurements will be described.

4.1 Estec Co-60 Facility

TID measurements were performed at the ESA-ESTEC Co-60 Facility, Noord-
wijk, The Netherlands. The new radiation facility has been reloaded in October
2011 with a 2000 Ci' Co-60 gamma source. It is useful to present basic charac-
teristics of this element.

Cobalt-60 is a radioactive isotope of cobalt, with a half-life of 5.2714 years. It
decays by beta decay to the stable isotope nichel-60, emitting two gamma rays

with energies of 1.17 and 1.33 MeV. The equation of the nuclear reaction is:

52Co +n — 5Ni + e~ + T, + gamma rays

One of the Co-60 application is as gamma source for tests and studies on
ionizing radiation effects on electronic components.

The ESTEC Co-60 source consists of multiple small rods, about 50 mm long,
held around the periphery of a 30mm diameter container. The container is of
double-welded steel construction, made to the internationally approved standards.
The source is stored in its own special housing, built of steel with integral lead
shielding. When the source is raised to the irradiation position, the gamma
beam, produced by the Co-60 decay, exits the irradiator unit through a collimator
window into the radiation cell [31].

The source is placed in radiation cell, depicted in Fig. 4.1 There are 14 cable
feed-throughs enabling monitoring and control of experiments under test from
the control room, just close to the radiation cell. Total dose and dose rate are

measured using a dosimeter, placed near the DUT, and monitored from a PC in

11 Curie= 3.71 x 10! decays per second.

o1



52 4. Experiment

B200mm

r 9
A\

Power & Signal Feed-through Ports
A

— p \
: 0 9 C 3 i &

4 O O O O O
H
i
H
H
L]
H
E '
E
]
] Remaote Positioning System
Trolley with DUT 2000CH
and Dosimeter Co-60 Source
y " y ~ ~y
| S (L () @ @ )
) : I
% @ %, O O B C/
\ b
W
Powar & Signal Faad-hrough Ports

PLC, Dosimeatry,
RPS & Data Logging

Caiing Heaght - 3720mm
Beam Height - 1100mm

(a) Radiation cell

e b |:; ¥,:L} DUT noard >
Dosimeter u TElETERCE il

Pos men

(b) Co60 irradiator head and board positioning

Figure 4.1: ESA-ESTEC Co-60 Facility [31].
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the control room, from which it is possible also to change the experiment position,
therefore the dose rate, through a rail system installed in the radiation cell.

The device under test can be placed at minimum distance of 40cm and
at maximum distance of about 800 cm, which corresponds to a dose rate of
161.64 rad/min(Si) and 0.495 rad/min(Si) respectively.

4.2 Experimental Procedure

The subject of the study is 25-nm SLC NAND Flash memory by Micron.
Part number is MT29F32G0SABAAA. The device size is 32Gb, organized in
4096 blocks, each of 128 pages. The page size is 8640 bytes. 40 devices were
tested, from two different lots. The two lots were called A and B, to distinguish
between them. In addition, one Flash memory from the first lot (A) has been
used for initial calibration.

Two boards were used to perform all the operations on the devices (Fig. 4.2a).
They are implemented by an FPGA and are connected by an IDE ribbon cable
to the socket (Fig. 4.2b), where the memory is placed. Boards were connected to
the power supply and controlled from the PC throughout a USB-serial controller.
The RREACT Forgetful program, developed by the RREACT Group, allows to
menage all the operations on the device from a clear interface, thus selecting the
device configuration, checking the SR (Status Register) and the ID (Identifica-
tion number), and performing the fundamental operations on the Flash memory:
erasing, programing and reading. If it is necessary to implement complex opera-
tion, such erase/program/read loops, it possible to execute scripts, setting list of
operations to perform.

Tab. 4.1 resumes the test conditions and the partition of the 41 devices during

five weeks.

4.2.1 Calibration

The first week has been employed for the calibration, which helped to choose
a correct total dose for the test. In fact the goal was to detect a significant
amount of errors due to charge loss in the floating gate cells and to avoid failures
of the peripheral circuitry, since we know that this is the most critical part. So
the choice of the total dose has been an essential step to lead the experiment to
consistent results with its purpose.

The dose should be low enough to allow to detect the errors build up and to
avoid device failure. At the same time, the amount of errors caused by TID had
to be large enough to statistically analyze the results. In fact, during calibration,

the DUT was continuously measured, allowing to collect several measurements
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(b)

Figure 4.2: The board (a) and the socket (b).
Internal ref-
erence num- | A11-A20 B1-B10 A21-A30 B11-B20 Al0
ber
Supply unbiased unbiased unbiased unbiased 3.3V
voltage
Relative Hu-
midity [%] 37.2-38 37.2-38 37.2-38 37.2-38 37.2-38
Operating
temperature | 22.4-22.6 | 22.4-22.6 |22.4-22.6 | 22.4-22.6 | 22.4-22.6
[°C]
Pressure 1014.6- 1014.6- 1014.6- 1014.6- 1014.6-
[mbar] 1031.8 1031.8 1031.8 1031.8 1031.8
Test week 47 48 49 50 46

Table 4.1: Details of the SLC NAND memories.
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during total dose rise. We decided to irradiate the calibration device with a
total dose of about 60 krad(Si), because previous studies on the same devices [32]
showed devices failure at total dose of about 50 krad(Si).

During calibration, both the Flash memory, positioned on the socket (Fig. 4.4a),
and the board were placed in the irradiation room. The distance from the source
was 120cm, in order to obtain the desired dose rate (0.2951rad(Si)/s). Ob-
liviously the board was shielded with lead bricks, to minimize as possible the
radiation exposure. The setup is pictured in Fig. 4.3. From the controller room,
a power supply of 3.3V were connected to the memory, instead 5V were provided
to the board. The current was limited at 100mV and 1V respectively for the
memory and the board. A multimeter allowed to measure the current during
test. Details of the calibration are provided in Tab. 4.2. The dose rate was
0.2951rad(Si)/s, i.e. 17.7rad(Si)/min, thus 56 hours and 30 minutes were expec-

ted to reach the chosen total dose.

Dose
Run | Start Stop rate(Si)

[rad/s]
0.2951 54.06 A10 3.3V

Dose(Si) Operating
kead] | PYTS| condition

13/11/13 | 15/11/13
11:50 14:43

Table 4.2: Gamma TID run on the calibration device.

The script developed for the calibration managed the operations on the device.
2 sets of blocks, each one of 30 blocks, were firstly erased, then programmed with
checkerboard pattern (i.e. “01” pattern). The first set of 30 blocks of the memory
was continuously erased and programmed during radiation exposure, to check
the erase and program errors, in order to detect failures in the charge pumps.
The other 30 blocks, once programmed, were read every 17 minutes during the
radiation exposure, to check the retention errors.

After each E/P/R cycle on the exercised blocks and reading of the blocks
kept in retention, the memory was powered off. In fact, to simulate the TID test
on unbiased devices, the calibration memory had to be mostly powered off. In
this condition, the peripheral circuitry is less vulnerable to wear out. With this
power off interval between operations, the device was unbiased for about 95% of
the total test time. Because of the long duration of the test, the script provided
a reset mechanism in case of system block. The log files, including the current

measurement, were automatically saved.
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Figure 4.4: Dose rate distribution normalized to dosimeter readings.
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Figure 4.5: Retention errors and program errors, as a function of

total dose during calibration.
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Figure 4.6: Percentage of bit error in programmed cells versus total
dose.

Calibration results

Fig. 4.5 shows the errors build up as a function of the dose. Retention errors
appeared at 15krad(Si) and increased with the dose, following an exponential
trend. All the retention errors were observed in program cells (i.e. storing elec-
trons), thus bit flipping from “0” to “1”. In fact, in NAND architecture, erased
cells store positive charge (i.e. holes) in the FG and the neutral threshold voltage,
that is the Vp with no charge in the FG, is placed below 0 V. With this arrange-
ment a complete discharge of the FG will cause the cells to be read as erased.
As presented in the second chapter, mechanisms that cause the FG discharge are
photoemission, charge recombination, and positive charge trapping in the oxides
surrounding the floating gate.

At 36.35krad(Si), after about 34 hours from the beginning of gamma run, an
abrupt increase of the number of errors occurred. This was due to control circuitry
failure. So the irradiation test was stopped. The assumption of the peripheral
circuitry failure is confirmed by the fact that the second reading, after the first
failure, detected a number of errors comparable with the previous values, before
the charge pump failure. Probably, a temporary functional recovery occurred.

The same happened for program errors: the first error appeared at 11.68 krad
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and the abrupt increase occurred at the same dose of that for retention errors.
Comparing with previous samples [33] (34-nm SLC NAND Flash memories by
Micron), errors build up started at lower dose and it is more rapid. Furthermore,
the device failure, due to the control circuitry sensibility, happened at lower total
dose values than less scaled devices. Devices with different size show different TID
sensitivity. However past studies demonstrated that TID effect on FG errors does
not depend much on scaling if only the cell width and length (W and L) are scaled
[27]. On the contrary, small changes in the tunnel oxide thickness could increase
the charge loss rate, because of the formation of discharge paths, thus the number

of errors rises more rapidly.
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Figure 4.7: Check program time as a function of total dose during
the calibration

Fig 4.7 illustrates the degradation of the reading time as the dose increases.
The time dropped down at the constraint value of 2s after the control circuitry
failure. As for errors, a functional recovery was observed just after the first failure

appearance.

4.2.2 TID test setup

Based on calibration results, the total dose provided for the test should be
absolutely lower than 36 krad(Si). It has been decided to irradiate the devices
with a total dose of 33krad(Si), to avoid failures in the control circuitry. At

this dose level thousands of errors were expected. This dotal dose was divided



60

4. Experiment

in two steps, to allow us to perform an intermediate measure. In fact during
irradiation the devices were unbiased, placed on a support perpendicular to the
plane (Fig. 4.4b). After 20 krad(Si), the gamma run was stopped to extract the
DUTs from the irradiation room. At this dose, hundreds of errors were expected,
based on the calibration. Thus the second dose step was of 13 krad(Si). The dose
rate was 0.1928 rad(Si)/s. Small dose rate changes are supposed to not affect the
TID response.

10 memories were measured per week. Memories were tested, in couples: each
pair was exposed to radiation one hour after the previous pair. The device were
extracted from the irradiation room after a dotal dose of 20 krad(Si), in the same
chronological order. One hour is the maximum supposed time to read a memory
in the worst case? of about 1072 % bit errors. Tab. 4.3 and 4.4 report the details
of the gamma runs.

Before irradiation, all the blocks of the memories were erased, bad blocks were
checked, and then devices were programmed with checkerboard pattern, except
for 10 block, programmed with random pattern, to check the proper functionality
of the memory peripheral circuitry. In the Appendix A are reported the script for
programming and reading. Obliviously, bad blocks were not considered (the pro-
gram and read scripts acted in order to skip bad blocks?). A read operation was
performed just before the exposure, to detected possible program errors and errors
appeared after programming (devices were programmed about three days before
the radiation test). Once programmed, memories have never been erased or repro-
grammed. Only on 30 blocks in each device were performed erase/program/read
cycles, to allow measurements of the erase/program/read currents. Devices in
pair were read as simultaneously as possible, to avoid different times between
the run stop and the read operation, thus to minimize variations due to different
annealing times. The samples have been measured again 24 hours, one and more
weeks after the radiation exposure, to control and compare annealing effects. All
the tests and measurements were performed at room temperature.

Operations performed on each Flash memory device are summarized in the

following list:

i) program operation (10 blocks with random pattern, 4086 blocks with check-

erboard pattern) about three days before irradiation;
ii) read operation, just before the gamma run start;

iii) irradiation with a total dose of 20 krad(Si);

2From previous studies [32] .
3NAND Flash memory is specified to have at least 4016 valid blocks of the total available
blocks, while the total available blocks are 4096.
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(a)
Dose Dose(Si) Operatin
Run | Start Stop rate(Si) DUTs perating
[krad] condition
[rad/s]
18/11/13 19/11/13 )
1 10-57 1600 0.1928 19.998 A11-A12 | unbiased
18/11/13 19/11/13 .
2 11-57 17-00 0.1928 20 A13-Al14 | unbiased
18/11/13 19/11/13 )
3 12-58 18-02 0.1928 20.045 A15-A16 | unbiased
18/11/13 19/11/13 )
4 13-57 19-00 0.1928 20.009 A17-A18 | unbiased
18/11/13 19/11/13 .
5 1456 1958 0.1928 20.007 A19-A20 | unbiased
20/11/13 21/11/13 )
6 14-39 09:33 0.193 12.999 A11-A12 | unbiased
20/11/13 21/11/13 )
7 15:38 10:31 0.193 12.9994 A13-A14 | unbiased
20/11/13 21/11/13 .
8 1636 1130 0.193 12.9994 A15-A16 | unbiased
20/11/13 21/11/13 )
9 17-34 12:08 0.193 12.9996 A17-A18 | unbiased
20/11/13 21/11/13 )
10 18:30 1396 0.193 12.9998 A19-A20 | unbiased
(b)
Dose Dose(Si) Operatin
Run | Start Stop rate(Si) DUTs perating
[krad] condition
[rad/s]
25/11/13 26/11/13 .
1 11-32 16-40 0.1928 19.07 B1-B2 unbiased
25/11/13 26/11/13 )
2 19:05 17:09 0.1928 19.996 B3-B4 unbiased
25/11/13 26/11/13 )
3 13:07 18:10 0.1928 20 B5-B5 unbiased
25/11/13 26/11/13 .
4 1407 19:10 0.1928 19.996 B7-B8 unbiased
25/11/13 26/11/13 .
5 14-40 10-43 0.1928 19.996 B9-B10 unbiased
27/11/13 28/11/13 .
6 15:20 10-14 0.1929 13.003 B1-B2 unbiased
27/11/13 28/11/13 .
7 15:45 1039 0.1929 13.003 B3-B4 unbiased
27/11/13 | 28/11/13 .
8 16-45 11-39 0.1929 13 B5-B6 unbiased
27/11/13 28/11/13 .
9 17-45 12-38 0.1929 12.997 B7-B8 unbiased
27/11/13 28/11/13 }
10 18:19 1311 0.1929 13 B9-B10 unbiased

Table 4.3: Gamma runs during week 47 (a) and 48 (b).
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(a)
Dose Dose(Si) Operatin
Run | Start Stop rate(Si) DUTs perating
[krad] condition
[rad/s]
02/12/13 | 03/12/13 .
1 11-04 16:00 0.1955 19.995 A11-A12 | unbiased
02/12/13 | 03/12/13 .
2 12-04 1655 0.1955 19.9955 | A13-Al4 | unbiased
02/12/13 | 03/12/13 .
3 1257 17-48 0.1955 19.9958 | A15-A16 | unbiased
02/12/13 | 03/12/13 .
4 13-39 1830 0.1955 19.996 A17-A18 | unbiased
02/12/13 | 03/12/13 .
5 14:20 10-12 0.1955 20.0027 A19-A20 | unbiased
04/12/13 | 05/12/13 .
6 14:38 00-14 0.1968 13.0008 | A11-A12 | unbiased
04/12/13 | 05/12/13 .
7 15:33 1010 0.1968 13.0022 | A13-A14 | unbiased
04/12/13 | 05/12/13 .
8 16:25 11-04 0.1968 13.0027 A15-A16 | unbiased
04/12/13 | 05/12/13 .
9 17-05 11-41 0.1968 13.0025 | A17-A18 | unbiased
04/12/13 | 05/12/13 .
10 1751 12:07 0.1968 13.0001 | A19-A20 | unbiased
(b)
Dose Dose(Si) Operatin
Run | Start Stop rate(Si) DUTs perating
[krad] condition
[rad/s]
09/12/13 | 10/12/13 .
1 11-00 1558 0.196 20.001 B11-B12 | unbiased
09/12/13 | 10/12/13 .
2 12:00 16:57 0.196 20.001 B13-B14 | unbiased
09/12/13 | 10/12/13 .
3 12:59 1757 0.196 20.0007 | B15-B16 | unbiased
09/12/13 | 10/12/13 .
4 13-39 18-38 0.196 20.0017 B17-B18 | unbiased
09/12/13 | 10/12/13 .
5 1420 10-18 0.196 20.0018 B19-B20 | unbiased
11/12/13 | 12/12/13 .
6 14:30 09:13 0.1957 13.004 B11-B12 | unbiased
11/12/13 | 12/12/13 .
7 15-35 1011 0.1957 13.003 B13-B14 | unbiased
11/12/13 | 12/12/13 .
8 16:32 11-11 0.1957 13.004 B15-B16 | unbiased
11/12/13 | 12/12/13 .
9 17-14 1151 0.1957 12.98 B17-B18 | unbiased
11/12/13 | 12/12/13 .
10 1756 19:32 0.1957 12.99 B19-B20 | unbiased

Table 4.4: Gamma runs during week 49 (a) and 50 (b).
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iv) read operation, just after the gamma run stop;

v) annealing of 22 hours and 30 minutes;

vi) irradiation with a total dose of 13 krad(Si);

vii) read operation, just after the gamma run stop.
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Figure 4.8: TID test setup.

First Results

As for calibration, all the errors have been detected in programmed cells, thus
bit flipping from “0” to “1”. The mean value of detected errors for the two dose

levels (Tab. 4.5) were consistent with the values predicted, based on calibration.

20 krad(Si) | 33 krad(Si)
Lot A 158.95 46170.95
Lot B 497.9 141276.35
Total 323.425 93723.65

Table 4.5: Comparison between the mean of errors detected at
20krad(Si) and 33 krad(Si) for each lot (A and B) and
for all the samples without distinction of the lot (tot).
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Fig. 4.9 shows the first evident result: Lot B has and average errors value
higher than Lot A, both before and after the radiation exposure. Thus Lot B
should be supposed to be weaker than the other lot. The graphic also provides
the box plots for each lots and total dose level. This is a useful way to compare
the two different groups, displaying statistical differences without making any
assumption of the underlying statistical distribution. The variability (represented
by lines outside the upper and the lower quartile) of the Lot B is related with the
dose: the higher the dose, the higher the spread around the median value. On
the other hand, Lot A did not show any dependence on the dose. The whisker
below the mean value in Lot A before irradiation (0krad(Si)) is due to no errors
detected in 2 of the 20 samples. Furthermore, no outliers are observed in Lot A
at 33 krad(Si), while Lot B has one or more upper outliers in each measurements.

From these few observations is already possible to extract interesting inform-
ations on the errors distribution. First of all, since the median (the band inside
the box) is not placed in the middle of the box, especially in the post-radiation
measurement, it is possible to foresee that normal distribution would not fit well
the data. In addition, outliers display the presence of some devices which a high
enough number of errors to be distant from other observations. However, those
extremely high results must be taken into account, since they do not come from
measurement errors, but they indicate a long-tailed errors distribution.

Fig. 4.10 represents the number of errors normalized on the errors detected
during the pre-rad read operation®. Lot A has a higher mean value respect to Lot
B. The reason is the small number of pre-rad errors, and not a stronger radiation-
induced influence on this lot. As in Fig. 4.9, devices belonging to Lot B show a
higher variability, independently on the pre-rad errors detected. On the contrary,
in this chart Lot B has no outlier, while Lot A has. From this result one could
suppose that the high number of errors detected in some of the devices belonging
to Lot B is due to an intrinsic error tendency, being present already before the
TID exposure.

In fact, all the results must be taken into account considering that, at these
dose values, the energy deposition variability is negligible and the variation across
the population is caused by parameter variability from sample to sample. Actu-
ally it must be considered that, to avoid control circuitry failures, the total dose
was low enough to allow to detects errors only of the cells belonging to the lowest
part of the program Vr distribution. Considering all the devices irradiated, ex-
cluding from each memory 30 blocks erased/programmed/read during each check

operation, more than 10 2 cells were exposed to TID and the floating gate errors

4Two samples belonging to the A lot, with zero pre-rad errors, have not been considered.
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detected after the exposure were less than 1% of the amount of FG in the array.
This relatively small amount of errors correspond to the integral of the left tail of
the programmed V7 distribution, which cross the read voltage. TID effect on the
devices is the Vr distribution shift towards the neutral threshold voltage. Thus
as dose increases, the integral value of the left tail will increase.

The relevant difference between the two lots is ascribed to different threshold
voltage distributions. Probably Lot B has a wider V distribution than Lot A.
Furthermore radiation induced effects increased the width of V distribution in
Lot B, as it is visible both in Fig. 4.9 and 4.10, where the variability, represented

by the whisker, increases with total dose.
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Figure 4.9: Errors detected before and after the radiation exposure,
at 20 krad(Si) and 33 krad(Si).

4.3 Conclusions

Details of the experiment setup has been described, to have a clear vision
of the experimental conditions of the test. The calibration demonstrated that
in 25-nm devices errors occur at lower total dose than in older devices. From
the fist evident results of the irradiated 40 Flash memories, just looking at the

mean value of retention errors detected in each device, differences between lots
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Figure 4.10: Errors normalized on the number of errors detected
before irradiation, as a function of total dose.

are unequivocal. In the following analysis, sources of lot-to-lot and cell-to-cell

variability will be investigated, shooting for explain the experimental results.



Chapter 5
Variability Analysis

From previous observations, the variability in the detected errors are ascribed
to chip-to-chip variability, since at these dose level and for this radiation source,
the variability of energy deposition among samples is negligible.

First of all, a preliminary consideration came from noticing the small amount
of cells identified with errors, respect to the large number of irradiated ones.
Fig. 5.1 represents the errors percentage versus total dose. Even at the maximum
dose level, i.e. 33krad(Si), the maximum percentage of detected FG errors is less
than 1% of more than 1 Terabit of irradiated cells. Therefore, the analysis of
the results deals with the left tail of the threshold voltage distribution, since FG
errors occur only in programmed cells.

Variability sources will be investigated. In addition, the sharp difference
between lots is a further issue, for which possible explanations will be examined.
Analysis will start from the lot-to-lot variability, aiming to find correlation between
pre-rad and post-irradiation results. Then the variability among samples will be

investigated.

5.1 Threshold Voltage Spread

Statistical sources of V spread affect the array operation during program-
ming, erasing and data retention.

There are three main variability sources, following listed:

e cell-to-cell parameters variability, due to process control issues;

e the discreteness of matter and charge, that means reduction of the total
amount of dopants in the cell active area and of the electrons transferred

to/from the floating gate, because of the small size of the devices;

e statistical distribution of defects in the cell’s tunnel oxide.

From experimental results of the radiation test, bit errors occur because of

the program threshold voltage spread during programming and data retention,

67
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Figure 5.1: Errors percentage versus total dose, for each lot.

which brings the some cells’ Vi above the Vggap, since no bit flipping from “1”
to “0” occurred.

However, first of all, it must be considered that also the neutral threshold
voltage distribution is supposed to be wider than previous technology nodes.
As predicted in Fig. 5.2, the spread of the Vi distribution increases as scaling
proceeds. The considered variability sources in this model [4] are: fluctuation
in cell W and L, Random Dopant Fluctuations (RDFs) in the substrate, Oxide
Traps Fluctuations (OTFs), referring to Si/SiO, interface traps, variability of ag
and variability of the Oxide Recess Height (EFH).

It is possible to estimate how some of these sources of statistical variability
affects the devices under study.

Starting from the geometric parameters, Fig. 5.3 and 5.4 represent a rough
evaluation of the threshold voltage shift induced by variation of cell W and L

respectively, from the nominal value (25nm), applying the equation AVy = N -
q/Cpp.
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Figure 5.2: Spread of NAND Flash cell Vp as a function of the tech-
nology node [4].

Cpp can be calculate according to the following:

€ox - A
Cpp = : (5.1)
tono
where A is the FG area covered by the control gate, given by:
trg — EFH
A= |W =2t oot § +2(F——) +2tono| L. (5.2)
sin

assuming a trapezoidal shape for the floating gate [4]. For 25-nm technology,
W = L = F, with F' being the technological node, the FG height tpg ~45nm,
the oxide thickness (fx) is about 8 nm and the equivalent ONO layer thickness
(tono) is 14.5nm [2].

Evaluation of Cpp is useful also for analyze its impact of the variability of ag
on the threshold voltage spread. The capacitive coupling ratio between control
gate and floating gate g is one of the most important parameters for Flash
memories, because it determines the control exerted on the floating-gate potential
by the control gate, which allows the external access to the memory cell. A
fluctuation of ag results into a spread of Vp. Contributions to fluctuation of
ag come from W, L and t,, variability, impacting the floating-gate to substrate
capacitance, and from fluctuation of Cpp.

The mechanisms that cause charge loss from the floating gate (photoemission,

charge recombination and positive charge trapping in the oxides) strongly depend
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on the electric field in the oxide, which is in turn related to the threshold voltage:

ag

Eox = t_(VT —Vro+ Ves). (5.3)
ox

where V7 in the neutral threshold voltage, Vrp is the flat band voltage, to« the

tunnel oxide thickness and a¢ the coupling coefficient between control gate and

floating gate.

Since the threshold voltage of a programmed cell is:

(5.4)

the threshold voltage shift depends on the number of stored electrons, N, and on
the coupling capacitance Cpp between control gate and floating gate.

With the previous geometrical parameters:

Cp = A _50ap, (5.5)
tono
For the technological node under study, the number of electron per bit N is
relatively small. It can be calculated as the number of electron necessary to
induce a threshold voltage shift of 1V:
Q =—CppAVy = —-20aF -1V = —20aC =~ 125e". (5.6)

Thus charge loss of just about one hundred of electrons causes a FG error, in
other words, the cell reverses its information from “0” to “1”. Such a small
number of electrons per bit leads to consider the charging and discharging of the
floating gate not a continuos phenomenon, but a sum of discrete stochastic events.
Fig. 5.5 and 5.6 represent a prediction of Cpp and N as the feature size F' of the
FG cell scales down. The variability induced by small amount of electrons per
bit, which are injected/removed during programming/erasing, becomes relevant
for reliability issues.

The discrete nature of the electron flow can explain, first of all, the difference
between lots of pre-rad errors, after programming, since the small amount of
electrons injected during programming leads to an uncertainty of the number of

stored charge after writing.

5.1.1 Lot-to-lot variability

As introduced in the FG cell overview, the program operation is performed by
the ISPP algorithm, which applies short programming pulses (of Vi, amplitude)

to the control gate. Each program pulse is followed by read operation (verify
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phase), to measure Vy and compare it to the program verify level (PV). For
each step, AVr equals AVpyg. The efficiency of the ISPP algorithm, which would
theoretically allow to obtain tight threshold voltage distribution, is compromise
by the electron injection statistics (EIS). The final programmed threshold voltage,
obtained with the program algorithm, results displaced from the PV level more
than the constant increase Vi, given to the control-gate pulses. This effect
increases as the number of electrons transferred into the FG at each program pulse
decreases, which is determined by the control-gate to floating-gate capacitance
Cpp. In fact in every programming pulse, a fixed amount of charge equal to
—Vitep - Cpp is injected. The average number 7 of electrons is injected into the
FG is given by:

JA
ﬁ - Ttstep (57)

Assuming Viep of about 200mV, at each program pulse a package of 25 electrons
is injected.

The relation between V7 spread resulting from EIS is given by:

Tavy = — /i = 40mV (5.8)
Cpp
assuming the number of injected electrons, n, ruled by Poisson statistic (equation
2.23).

Furthermore, in addition to EIS, contribution in programming spread comes
from small variations of t,,, which directly impacts the program field in the
Fowler-Nordheim equation. Because of the exponential dependence of the tunnel
current on the oxide electric field, just a small variation of the tunnel oxide thick-
ness among the cells of the array could lead to great difference in programming
currents, spreading the program threshold voltage distribution.

In Fig. 5.7 the errors distribution before the radiation exposure, thus some
days after the program operation, shows that devices belonging to Lot B are
clearly affected by higher errors values, up to a factor of 4, since more cells for
each device are below the read voltage level.

The graph in Fig. 5.8, plotting the ratio between the two lots of the average
number of errors detected in each chip, shows that total dose does not increase the
lot-to-lot difference. Instead, the pre-rad ratio is higher than after the irradiation,
and the value is quiet constant from 20 krad(Si) to 33 krad(Si).

In conclusion, lot-to-lot variability may be ascribe to two main causes:

e stronger effect of electron injection spread (EIS) in Lot B;
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e small variation of t,, among arrays belonging to Lot B, probably related

with process control issues.

The result is that Lot B has a more stretched program threshold voltage distri-
bution. Furthermore TID effects make the threshold voltage distribution shift,

explaining the larger amount of errors in Lot B both before and after irradiation.

5.1.2 Chip-to-chip variability

Lot B, in addition to a larger mean value of errors in each situation (pre-rad,
at 20 krad(Si) and 33 krad(Si)), shows larger chip-to-chip variability. This means
that the left tail of the programmed threshold voltage distribution, which crosses
the read voltage level, not only has a wider area than the Lot A one, but stretches
over more left values.

As introduced in chapter 2, several sources of statistical variability in floating
gate cells have been identified. Variability sources of primary importance are:
Random Discrete Dopants (RDD), Line Edge Roughness of Gate (LGR) and STI
(LSR), Oxide Thickness Fluctuation (OTF) and Interface Trapped Charge (ITC).
In this section will be investigate which among these variability sources has more

impact on the 25-nm floating gate cells under study.

Random Discrete Dopant

The discreetness of substrate doping results into a Vi spread, calculated for

MOSFET as [4]:
toxN,%A

-8

orpp = 3.19 x 10 m (5.9)
The Vi spread increases as feature size of devices, thus W and L, decreases, since
tox can not be scaled as quickly as L, due to retention data constraint.

The discrete nature of dopants has also be invoked as one of the major causes
of Random Telegraph Signal (RTS) instabilities. It is one of the most conditioning
cell-to-cell variability source. The phenomenon consists in the variation of chan-
nel carrier density and mobility, due to trap-detrap phenomenon near Si/SiO,
interface.

As for EIS, this problem arises from the granularity of the matter, because of
the small size of the device, which becomes comparable to the distance among
dopants. The amount or position of the dopants determines changes in Vi, af-
fecting AV statistic. The total channel current is the sum of each current path,
forced to flow in few narrow channels between negatively charged boron potential
spikes, from source to drain [20]. If an electron is trapped near one of these current

path, it can completely turn it off, causing large Ip or V variation. Fluctuations
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between two threshold voltage or current levels, due to trapping/detrapping of
a single electron in a gate oxide trap, may give rise to erroneous data reads or
erroneous program operations, since the program algorithm includes verify steps.

From equation 2.24, threshold voltage variation AV induced by a single elec-

tron captured or released in 25-nm Flash cell can be estimate as:

q
AVS = —— — =85mV 5.10
r CoxWLOéG m ( )
considering ag of about 0.7. Actually this value may be grater, because of per-
colation effect [20]. As in charge/discharge of the floating gate, the Poisson

distribution governs the number of dopants.

Interface Trapped Charge

The second most important variability source for devices under investigation is
Interface Trapped Charge (ITC). As presented in chapter 2, defects are inevitably
present in oxide bulk and interfaces. In particular the transition region between
SiO, layer (amorphous) and the Si lattice (mono-crystalline) is characterized by
dangling bonds, i.e. non-saturated bonds, which may be passivated with hydrogen.
The oxide degradation is very sensitive to the fabrication process and device
parameters, and the magnitude of the effects strongly depends on the device
fabrication conditions. In particular, the growth temperature and pressure are
the most important parameters that thermodynamically influence the quality of
the insulator [34]. Hydrogen related defects, such as Si-H or Si-OH groups, are
common extrinsic oxide defects. During TID exposure, ionizing radiation can
break these bonds, releasing H atoms or H* ions, which easily move in the SiO,
lattice structure, interacting with other dangling bonds, as explained in chapter
3. Assuming a Poissonian fluctuation of the trapped charge, its contribution in

the resulting spread in cell Vr is given by:

\% QOX

orrc = KOX . tOX . (511)

e

where Qo is the surface density of traps. The resulting voltage spread increases
as the factor /WL decreases.

This type of source of variability is destined to be more and more affecting
as the lifetime increases, even more as TID increases. Program/erase cycles,
performed by Fowler-Noordheim tunneling, induce oxide degradation (Fig. 2.18),
because of the high electric field, causing drift in the threshold voltage, according

to equation 3.5.
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Figure 5.9: QQ plot and histogram of the distribution of Vp from
1000 microscopically different devices with applied RDD
(a) and ITC (b) [5].

Histograms of the Vi distribution of 1000 32-nm devices due to RDD and I'TC
are shown in Fig. 5.9. Each histogram is associated with the quantile-quantile
(QQ) plot. The QQ plot is used to compare the similarity of two distribution:
the measured data are plotted versus the normal distribution. If the measured
errors distributions is an ideal normal distribution, the data point will follow the
red line. Any deviation from this line points out the departure from the normal
distribution. The skew is an indication of the asymmetry of the distribution. If
the skew is a negative value, it means that the left tail of the distribution is longer,
that is the mean has a higher value than a normal distribution; on the other hand
a positive skew is a measure of a lower mean value from a normal distribution.
The kurtosis indicates how peaked the distribution is. A large positive values of
kurtosis correspond to a sharply peaked distribution, with the majority of the
errors close to the mean value, with fewer outliers; whereas large negative values
mean that the distribution is flattened.

Both histograms associated to RDD and I'TC show a skewed distribution, be-
cause of the Poisson statistic that governs the distribution of dopant and trapped
charge respectively. The longest right tail indicates that the threshold voltage
shift is small that that associated to a normal distribution.

It is not straightforward to connect these observations on the RDD and ITC
effects on chip-to-chip variability with the TID test results, since we are able

just to analyze User Mode (UM) results, in other words the digital output, and
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the threshold voltage distribution is unknown. However it is possible to extract
informations from the errors distribution.

Probability distribution of the floating gate errors detected in each memory
after a total dose of 33 krad is plotted in Fig. 5.10, distinguishing the lots. Tab. 5.1

resumes mean, variance, skew and kurtosis values, comparing the lots.

L 52 Skew Kurtosis
Lot A 46170,95 1.50102 x 10° | 0,7539839 -0,312616
Lot B 141277,45 3.11547 x 10'Y 2,0409944 4,8093699
total 46993,625 1.12103 x 10'°| 4,0767298 20,572795

Table 5.1: Comparison between mean (u), variance (s?), skew and
kurtosis of the errors distribution for each lot (A and
B) and for all the samples without distinction of the lot
(total), after a total dose of 33 krad(Si).

For both lots, experimental errors distribution is not very close to normal
distribution, but it seems to fit quite well with Poisson distribution, specially in
Lot B. Large positive skew, especially for Lot B, shows a strong departure from
the normal distribution. Actually the right tail is longer than the left tail. While
Lot B distribution is more peaked, Lot A distribution is quite flat.

Fig. 5.11 represents the errors distributions pre-rad and after both the dose
steps, compared to Poisson distribution. Irradiation does not seem to influence
the probability distribution of FG errors in both lots. Probability distribution
is in good agreement with Poisson statistic, notably at the end of the radiation
exposure.

Some considerations on the two main variability source come from these res-
ults. The large threshold voltage spread induced by RDD is consistent with the
large variability of errors detected for each memory. In other words, cells whose
experience large number of floating gate errors, are subjected to a larger threshold
voltage spread, ascribed to RDD-induced statistical effects. Now considering ITC,
since hydrogen-related defects in oxides are unavoidable, this statistical variab-
ility source may be related with the higher variability of floating gate errors in
devices belonging to Lot B. Different oxide quality, because of small variations
of the process conditions, may be an explanation of such clear different behavior
between Lot A and Lot B.

Reminding that each post-rad error corresponds to a cell, whose threshold
voltage shifted left to the Vrgap voltage level, and that histograms in Fig. 5.11
represent the probability distribution of errors across devices, it is possible to

imagine an hypothetical average threshold voltage distribution for each lot, con-
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Figure 5.10: Probability distribution of retention errors detected for
each Flash memory

sidering differences previous discussed between lots. Fig. 5.12 is a qualitative
representation of the programmed threshold voltage, comparing lots A and B.
After the program operation (blue line), threshold voltage distribution for both
lots is narrower than erase distribution, thanks to the ISPP algorithm. However,
Lot B could be characterized by an average pre-rad threshold voltage distribution
wider and flatter that Lot A (the total integral area must be theoretically the
same for both lots, because the amount of irradiated cells is the same), because
of EIS during ISPP algorithm and the oxide thickness fluctuation among cells
belonging to the same array.

Furthermore, total dose acts on the threshold voltage distribution (red arrow),
making it shift towards the neutral voltage. After the radiation exposure (black
line), the radiation-induced shift makes the Vi distribution to cross the Vrgap
level, below which cells are read as erased (“1”). The number of bit errors corres-
ponds to the integral of the colored area. As total dose raises, the area below the
VreaDp Vvoltage level increases, since more and more cells lose the negative charge
stored in the floating gate.

In addition, phenomena such as Random Telegraph Signal, mainly caused

by the discrete nature of dopants in devices so scaled, and ITC, which affects
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are compared with Poisson distribution.
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probably more Lot B, contribute to a further spread of the threshold voltage
distribution. Adopting an uniform scaling of the x axis, histograms of the errors

distribution in Fig. 5.13 show a clear higher spread for Lot B.

5.2 Errors Spatial Distribution into Pages

It is interesting to notice the errors spatial distribution into pages (Appendix
B) at the end of the irradiation exposure. Plotting the number of errors in each
page, it has been observed that errors are clearly more in odd pages than in
even ones. The shape of the distribution of the FG errors in each page is a
bell-shape, which means that errors are more concentrate on central pages. This
characteristic is the same for both lots. Another particular behavior deduced by
these graphics is the high errors concentration on the last pages, i.e. 0x7D, 0x7E
and O0x7F, especially on this last one. At firs sight, this peculiar disposition could
be attributed to control circuitry issue, related with different distances between
pages and read pump. This hypothesis is reinforced by the fact that the same
distribution is observed also for the blocks (Fig. 5.15): more errors appear in odd
blocks than in even ones, but in this case this peculiar disposition is visible only
on devices with a high amount of errors.

To investigate if even and odd blocks show different TID responses, calibration
results have been taken into account, since, during the calibration, errors are
sampled about every 300 rad(Si). Fig. 5.16 shows the error build up during
calibration, distinguishing even and odd blocks. Retention errors appear first
in odd blocks, then, after about 2krad(Si), in even blocks. Furthermore, the
total amount of retention errors is larger in odd blocks, confirming the post-rad
distribution observed.

Finally, retention errors versus total dose in Fig. 5.17 shows that more er-
rors appear in odd blocks only after the radiation exposure. The pre-rad error
distribution does not follow this peculiar post-rad partition into even and odd
blocks. Fig. 5.14 represents the errors spatial distribution into pages, including
all the devices, before the TID test (a), after 20 krad(Si) (b) and 33 krad(Si) (c).
The bell-shaped distribution is almost the same in both the total dose values,
on the contrary pre-rad distribution does not seem to be ruled by any particular
distribution.

To verify if this peculiar disposition of errors in pages and blocks is caused
by radiation-induced effects, 4 fresh memories, two from each lot, have been
programmed as the irradiated ones. After one week (the same time gone by pre-
rad programming and post-radiation reading) devices have been read to check

retention errors. Fig. 5.18 shows the result. Errors are homogeneously distributed
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Figure 5.15: Errors spatial distribution into about 180 (0xA to
0xBC) blocks in device B1, after 33 krad(Si).

7004 - - Total errors

h ~ Even blocks
&600—

‘ — Odd blocks
500

400 —

300+

Retention errors

200+

15 20 25 30
Dose(Si) [krad]

Figure 5.16: Errors build up during calibration, distinguishing even
and odd blocks.

in even and odd pages. The same has been observed concerning even and odd
blocks. As for previous tests, the devices belonging to Lot B have more errors.
Therefore, this additional check confirms that the bell-shape distribution into

pages and the difference in even and odd pages and blocks are radiation-induced
effects.
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However, this issue does not affect the errors statistic. In fact, plotting the
corresponding histograms of Fig. 5.10, but distinguishing between even and odd

blocks, the retention errors distribution trend does not change (Fig. 5.19 and

5.20).
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5.2.1 Device Decap

In ESTEC laboratories, some Flash memories have been decapped. The oper-
ation required two steps: first, mechanical etching of a thin layer of plastic (about
0.10mm), then chemical etching by nitric acid at high temperature (80° C).

Through this method it is possible to open the device, avoiding damaging it,
and to observe the whole die (Fig. 5.21). The control circuitry is placed below
(i.e. the small rectangles at the bottom of the die), while the memory array is
divided in half planes. The gold bond wires are well visible.

Typically odd and even pages/blocks are placed on different half planes of the
memory array. The left one probably contains even blocks, while the right one
odd blocks . Each half plane is partitioned in two other section, that could be
dedicated in turn to even and odd pages. The asymmetric position of the control
circuitry between the two half planes, in addition to a slight radiation-induced
degradation of the read pump, could be the cause of this particular disposition,
characterizing all the tested devices. A lower read voltage for even blocks/pages

leads to detect less errors, since erased cells are read as programmed.

Figure 5.21: The die of a decamped memory.

5.3 Annealing

As suggested in the ESCC Basic Specification No. 2290 for total dose test, sev-
eral read operations have been performed after the irradiation. Considering ty=0

the gamma source stop time, the following read operations have been performed:

1. ¢1=>5 minutes;
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2. ty=24 hours;
3. t3=196 hours;
4. t4=T744 hours;

It must be specify that not all these read operations have been performed on the
same conditions. In fact the last reading, ¢4, about one month after the radiation
test, and the third reading of 10 memories of the Lot B (B11-B20) have been per-
formed in Padua. The devices have been subjected to travel unknown conditions,
such as warmer temperatures, that could have caused detrapping of the positive
charge trapped in the oxide surrounding the floating gate. In fact it has been
observed a reduction of the retention errors in the third read operation for the 10
memories read in Padua, while in other samples, retention errors increased. Per-
forming several read operations in succession, retention errors decrease, probably
because of the same reason: the device warming, due to the applied bias, could

cause charge detrapping.
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Figure 5.22: Retention errors during annealing, after TID exposure.

In addition, from this annealing data analysis, one sample belonging to Lot
B has been eliminated (B1), since this device failed during the measurement 24

hours after the end of the total dose exposure. During the following readings it
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Figure 5.24: Retention errors normalized over the number of errors
detected just after TID exposure.
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seemed to work correctly, however, the annealing trend would be distort for the
lack of one measurement.

The same considerations of the previous section hold true during annealing:
Lot B has a mean errors value and errors variability across devices higher than
Lot A, as shown in Fig. 5.22. The general trend is a slight reduction of errors in
the hours just after the TID test, whereas they slowly increase over the time.

This FG errors evolution over time can by explained by the contribution of
two physical mechanisms that go in the oppose direction. The annealing of the
FG errors is predominated in the hours just before the beginning of the retention
test. The charge trapped in the oxides surrounding the floating gate is removed
or neutralized and some errors disappear. Forward in time, discharge of the FG
cause the errors increase. This is an unwanted effect, since the device reliability
is compromised. Thus it is interesting to investigate the physical mechanisms
which causes the data loss.

Mainly two phenomena explain the charge loss from the floating gate. Al-
though we are not able to exactly determine if one is predominant or if they
occur in the same time, however, it is possible to give a qualitative description

for the charge loss after TID exposure.

i) Electrons from the floating gate tunnel in the oxide to recombine with trapped

holes.

ii) Formation of permanent neutral radiation-induced defects in the tunnel ox-
ide, which allow electrons tunneling via oxide traps. Radiation Induced Leak-
age Current (RILC) mediates the charge loss from the floating gate. RILC
is modeled on the Trap Assisted Tunneling (TAT).

In both cases, the decrease of the number of electrons stored in the FG makes
the threshold voltage to shift towards lower value.

The efficiency of electron TAT depends on several factor, among which:
e amount of holes generated by ionizing radiation;

e the traps distribution in the oxide;

e the oxide field, whose increase, increases the RILC;

These considerations are useful to evaluate the graph in Fig. 5.24, where
errors are normalized over the number of errors at the beginning of the retention
test (t=0). Retention errors over time increase faster in Lot B. As considered
previously, because of the small amount of cells detected with errors respect to

more than 10'2irradiated cells, lot-to-lot errors variation arising during annealing
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is attributed only to lot-to-lot parameter variability, and not to radiation-induced
variability. As follows, parameter variability between the lots could be identified
in different oxide qualities. Many oxide defects, which act as traps supporting
the electron TAT mechanism, increase the electron tunnel probability from the
floating gate into the substrate, thus negative charge is lost. It could be supposed
that different process conditions during oxide growing may have produced a lower
oxide quality for the devices belonging to Lot B.

Finally, Fig. 5.25 shows the evolution over time of the error distribution. It
is interest to notice how the annealing over time acts on the errors distribution
of Lot B, spreading it. On the contrary, for Lot A, the annealing time makes
the errors distribution spreading compact. These histograms clearly show that
devices belonging to Lot B are more prone to charge loss: the V; distribution
of devices characterized by higher bit error values shifts towards lower values
faster than other devices of the same lot. On the other hand, in Lot A, devices
which experienced more bit errors in the hours after the TID exposure tend to

homogenize with the mean value of the lot.

5.4 Current

During the read operation, performed after the two dose steps of 20 krad(Si)
and 33 krad(Si), each sample was placed on the board connected with the multi-
meter, to check the current during an erase/program/read cycle of 30 blocks of
the memory array. Fig. 5.26 shows the typical evolution in the time domain of
the current measured during the E/P/R cycle. The shape is almost the same for
all the devices, even if the current value slightly changes from device to device.
As explained in the first chapter, in NAND architecture the erase operation per-
formed at block level, while the program operation at page level. This is clearly
evident in the short erasing (few milliseconds), and the longer time to complete
the programming, about 10 seconds.

Averaging the program current for each device, it has been obtained the graph
in Fig. 5.27. The program current slightly increases as a function of the total dose,
probably because of the reduction of the program pump output voltage. In fact
the thickness of the tunnel oxide (~8nm) does not allow to justify the increase
of the current, because the positive charge trapped in the oxide is small.

The average program time increases as total dose raises (Fig. 5.28). This effect
may be ascribed to the program pump output voltage degradation too. During
the program algorithm implementation, a greater number of program pulses is
need to reach the program verify level.

The large number of errors and their variability observed in Lot B are followed
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Figure 5.26: Current during E/P/R cycle measured after a total
dose of 33 krad(Si)

by an higher program current. Also the time needed to perform the program
operation is longer in this lot (Fig. 5.28). This behavior can be ascribed to wider
threshold voltage distribution respect to Lot A, thus program operation needs

more iterations of the program algorithm.

5.5 Conclusions

In this chapter the variability observed in detected errors has been studied.
Data collected before, during and after the radiation exposure have been com-
bined to identify the bit error trend among cells belonging to the same lot or
not. Previous studies has been taken into account, in order to provide a physical
explanation for the output value (“0” or “1”), related to the unknown threshold
voltage distribution.

Interesting characteristics of the spatial distribution of errors in pages and
blocks emerged, for which the device decapping has been useful to give a possible
explanation.
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Chapter 6

Final Considerations

The irradiation of a large set of samples allows to extrapolate useful inform-
ation on 25-nm NAND Flash memory for space applications. With a total dose
of 33 krad, split in two dose steps, in order to perform an intermediate measure-
ment, we have been able to collect a considerable number of FG errors, avoiding
control circuitry failure.

The first observation, from calibration results, is that FG errors occur only
in programmed cells, i.e. storing electrons, and at a total dose level lower than
previous devices. This can be due to a slight reduction in the tunnel oxide
thickness, as well as new paths for cell discharge.

The 40 tested devices were taken from two different lots, thus it is possible to
derive some conclusions on lot-to-lot variability. First of all, devices belonging to
different lots evidently differ for the average number of detected errors, already
before the TID irradiation, after the program operation. In addition, during and
after irradiation, Lot B is more prone to retention errors, and TID increases this
tendency. The lot-to lot variability is mainly ascribed to programming variabil-
ity. In fact, the wider threshold voltage distribution, which appears as a higher
number of bit errors, is the result of electron injection statistic (EIS), i.e the
variability of the number of electrons injected at each program pulse, performed
during program algorithm. This phenomenon, related to the miniaturization of
the FG cell, increases the threshold voltage spread. A further variability source
during programming can be identified in the slight variability of the tunnel oxide
thickness (o), in cells belonging to the same array, because of process control
issues. The result is the programmed threshold voltage distribution spreading.

During annealing, several measurements have been performed after the total
ionizing dose irradiation, to check the bit error rate over time. After a slight
decrease of FG errors in the hours following the gamma run stop, retention errors
progressively increase over time, for both lots. However, devices belonging to
Lot B are characterized by a more rapid FG errors increase. This confirms that

Lot B is more prone to retention errors, probably because of the presence of

97
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oxide defects which act as traps, allowing the trapped assisted tunneling, and
consequently the floating gate discharge, throughout Radiation Induced Leakage
Current (RILC) mechanism. This observation points out how the oxides quality
could strongly affects the post-irradiation behavior of Flash devices.

Chip-to-chip variability may be mainly ascribed to phenomena due to few elec-
trons, since the injected /removed charge from the floating gate must be considered
as the sum of stochastic events, because of the small feature size of devices under
study. Between several sources of variably belonging to this category, the most
affecting are Random Discrete Dopants (RDDs) and Interface Trapped Charge
(ICT). The Poisson distribution of FG errors agrees with the Poisson process
which governs the distribution of dopants and charge. The discrete nature of
dopants is also involved in Random Telegraph Signal disturbs, which may pro-
duce an erroneous output value.

It has been quite interesting to notice the distribution of FG errors among
pages and blocks. A peculiar behavior emerged, a higher bit error rate in odd
pages and blocks than in even ones. However this characteristic errors disposition
appears only after the TID exposure, thus it is ascribed to radiation-induced
effects on the control circuitry. It is an unavoidable behavior, which appears also
at low dose rate during calibration. The asymmetrical position of the control
circuitry respect to even and odd pages/blocks, added to a slight degradation
of the output voltage of the read pump, has been identified has the most likely
cause of this particular errors disposition.

The reliability analysis of 25-nm Flash memories for TID effects demonstrates
that these devices can be used for spatial applications, working on orbits with a
total dose level up to 20 krad(Si). Furthermore, since the radiation induced FG
errors are less than 1% the amount of irradiated cells, the errors correction code
(ECC) allows to correct them. However, 25-nm Flash memories are very sensible
to small parameters fluctuations. The low number of electrons per bit (about 125
electrons) induces a quite large errors variability, which could considerably differ
from lot to lot. To develop valid qualification methods for spatial components,

lot-to lot test is necessary, analyzing at least more than one component per lot.



Appendix A
Program and Read Scripts

Programing script

array set blocksToSkip { 1 Ox5A 2 0x5B }

set dir [ChooseDirectory]

SetCurrentDirectory $dir

if { $dir == "" } { return }

# check if directory is empty

if { [CheckCurrentDirectory] == 0 } { return }
ClearLog

StreamlLog "Log.txt"

SaveScript "Script.txt"

NAND_Configure 4

NAND_Select 1

NAND_Reset

NAND_ReadID

NAND_ReadSR

foreach { index block } [array get blocksToSkip] {

NAND_SkipBlockLoop $block

X
NAND_Erase 0x00 OxFFF
NAND_MLProgram 0x00 0x09 0x55 0x55 "r"

NAND_Program O0xOA OxFFF 0x55 "s"
CloseStreamlog

Reading script

array set blocksToSkip { 1 Ox5A 2 0x5B }

set dir [ChooseDirectory]

SetCurrentDirectory $dir

if { $dir == "" } { return }

# check if directory is empty

if { [CheckCurrentDirectory] == 0 } { return }
ClearLog

StreamlLog "Log.txt"

SaveScript "Script.txt"

NAND_Configure 4

NAND_Select 1

NAND_Reset

NAND_ReadID

NAND_ReadSR

foreach { index block } [array get blocksToSkip] {

NAND_SkipBlockLoop $block

X

NAND_MLCheck 0x00 0x09 0x55 0x55 "r"
NAND_MLCheck 0xOA OxFFF 0x55 0xb5 "s"
CloseStreamlog

99
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Appendix B

Errors distribution across pages

The following figures represent the errors distribution into page after a total

dose of 33 krad.
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