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2 Process Aspects

Before starting the design of the device, it is important to know the basic compo-
nents that are at the designer’s disposal to realize the circuitry, i.e. transistors, ca-
pacitors, resistors, diodes, bipolars and memory cells.

The characteristics of such components are defined by the process that, in the
case of Flash Memories, is CMOS with two layers of poly and two or more of
metal, with the recent addition of the triple well. After the process and the compo-
nents have been defined, the circuit is designed to maximize the electrical per-
formance, while the layout utilizing the available layers is realized in parallel.

The success of a design depends on the correct combination of process, design,
and layout.

Before analyzing the components of the circuits, it is worth giving a brief over-
view of the different steps of fabrication of a typical CMOS process.

2.1 Introduction

The fabrication of an integrated circuit resembles the preparation of a sandwich in
which, on a good slice of bread as a substrate, the sauces diffuse and several layers
are harmoniously placed, one on top of the other, to satisfy the customer’s taste.
All is sealed with the final slice of bread that keeps the whole product together if
the underlying layers are planar.

The technological process for the fabrication of integrated circuits is similar to
the process described above.

2.2 Main Steps of Fabrication for a CMOS Process

The main steps that allow the fabrication of a device in CMOS technology will be
described hereafter, with particular attention to the aspects that have the most im-
pact on the design. The following description will show the sequence of process
steps for an NMOS and a PMOS low and high voltage transistor, and two memory
cells. The definition of the different layers is obtained by means of a number of
photomasks, chrome images on glass plates that reproduce the polygons of the
layout, defining different areas on the wafer through a photolithographic process.

The fabrication starts from a wafer of p-type silicon that forms the substrate;
during the first operations, two twin-tubs, n-well and p-well, are realized.
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22 2 Process Aspects
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Fig. 2.1. Twin tub diffusion

- - - T
p-well | p-well I
J I p-well
Lo well Hn-well
— #4 \ li — # — li — # — #
flash cells HV nmos HV pmos LV nmos LV pmos
p-well
FH n-well

- p+ isolation

Fig. 2.2. Creation of the p+ insulation areas

The n-well in the p-substrate is necessary to fabricate p-type transistors,
whereas the p-well is necessary to create an ad-hoc substrate for the n-type
transistors (Fig. 2.1).

Subsequently, the insulating diffusions are created, so as to increase the thresh-
old voltage of the parasitic elements that form between the junctions of two con-
tiguous transistors. These parasitic devices are located beneath the thick oxide,
also called field oxide (around 5000 A of thickness) that constitutes an insulating
barrier between active components (Fig. 2.2). The insulating diffusion, like any
other selective step that acts in specific areas of the wafer, is realized by suitably
masking the areas that must not be involved in that process step.

Subsequently, the thick oxide is grown on the insulating junctions (Fig. 2.3).
The oxide for high voltage (HV) and low voltage (LV) p and n transistors are real-
ized (typically around 250 A and 120 A, respectively) by means of two masks
(Fig. 2.4).

The existence of HV and LV transistors is a characteristic of the memory de-
vices that require voltages higher than VDD to program and erase.
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2.2 Main Steps of Fabrication for a CMOS Process 23
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Fig. 2.4. Transistor gate oxide growth

The presence of two oxides allows optimizing the low voltage logic circuits,
which have to be fast, and the high voltage circuits that, on the other hand, have to
be robust. This also improves the functional aspects of the device such as reading
speed, standby consumption, etc., since thick oxides limit the electric field at their
side to about 4 MV/cm' at high voltages. Subsequently, the EPM? area is realized
so as to implant the channel of the cells of the array. Such implants differentiate
the cells from the typical n-channel transistors by setting the threshold voltage and

! This value is suggested by experience and reliability measurements.
2 EPM is the acronym for Enhanced Program Mask.
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24 2 Process Aspects

optimizes the electrical characteristics since the cells are to be programmed and
erased (Fig. 2.5).

Afterward, the tunnel oxide (100 A) is grown directly on the EPM implant that
delimits the area of the array. This step is perhaps the most critical since the qual-
ity of the tunnel oxide is essential to the device performance and reliability. (Fig.
2.6). The first polysilicon layer, polyl, which will form the floating gate of the
cells of the array, is now defined. Typically this poly layer is deposited on all the
transistors with the second poly deposited directly on polyl to form the gate of the
standard transistors.

p-well - p-well

4\#4\# 4# Aﬁ %# Aﬁ

flash cells HV nmos HV pmos LV nmos LV pmos

p-well

N\

|:| p-well
@ n-well
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Fig. 2.5. Channel diffusion for memory cells
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Fig. 2.6. Tunnel oxide growth
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2.2 Main Steps of Fabrication for a CMOS Process 25

In this case, the process is called DSCP (Double Short-Circuited Poly) (Fig.
2.7). The layer that separates polyl from poly2 is called ONO, which is the acro-
nym for the composing materials, i.e. Oxide-Nitride-Oxide. This stacked composi-
tion improves the overall quality of the insulation between floating gate and con-
trol gate (Fig. 2.8).

Subsequently, the implants for low and high voltage transistors can be defined
with another group of masks, to selectively differentiate the threshold voltages of
the transistors and, then, deposit the poly2 layer that constitutes the control gate of
transistors and cells (Fig. 2.9).
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Fig. 2.7. Poly1 deposition
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Fig. 2.8. Realization of the insulation between poly1 and poly2 (ONO)

SK hynix Ex. 1009, Page 9 of 199



26 2 Process Aspects
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Fig. 2.9. Diffusions to define the MOS threshold voltages and deposition of poly2
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Fig. 2.10. Silicide deposition

The implants for the thresholds are realized through the polyl already depos-
ited.

On top of the poly?2 layer, a metallic compound WSi,, called silicide, is depos-
ited, which decreases the resistivity of poly2 from around 50 Q/C1 to 5 /00. This
step is very important in determining the access time because the rows of the cells
of the array are realized with poly2 as a conductor and, hence, their resistivity de-
termines also the RC time constant of the rows (Fig. 2.10).
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2.2 Main Steps of Fabrication for a CMOS Process 27
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Fig. 2.12. Flash cell definition
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28 2 Process Aspects

source and drain implants
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Fig. 2.13. Source and drain implants

After the basic layers have been fabricated, it is possible to etch them simulta-
neously, so as to obtain the structure of MOS transistors and cells as single ele-
ment.

Transistors and cells are fabricated with different operations. In Fig. 2.11, the
transistors have been obtained and, subsequently, the Flash cells are defined (Fig.
2.12). The portions of polysilicon that remain on the field oxide represent the
strips of poly2 used as interconnect and are not the gates of the transistors. The
source and drain areas for transistors and cells are diffused using other masks, as
shown in Fig. 2.13.

The aluminum-silicon alloy connection layer called Metal is then deposited.
Before that, however, the “holes” that allow the contacts between poly2, active ar-
eas, and the different layers of metal, are created. The first step is the insulation of
the surface with an intermediate layer of oxide (Fig. 2.14). Afterward, the “holes”,
called contacts in this case, are cut into the insulator so as to allow the connection
between metall, i.e. the first metal layer, and either poly2 or active area (Fig.
2.15).

The metall layer is deposited so as to penetrate into the contacts, thus forming
the electrical connection. Metall is deposited on the whole wafer (Fig. 2.16), and
removed from the areas where it is not needed by means of a masking process.
The surface is then completely covered with dielectric materials having the func-
tion of both insulating metall from the layers that will be deposed thereafter, and
planarizing the surface itself. Such materials are called TEOS? and SOG*.

3 TEOS is the acronym for TetraEthylOrho Silicate.
4 S0G is the acronym for Spin-On-Glass.
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2.2 Main Steps of Fabrication for a CMOS Process 29
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30 2 Process Aspects
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Fig. 2.17. Metal1 definition and intermetal dielectric deposition

Planarity enables the deposition and etching to be more precise and, therefore,
smaller dimensions can be defined (Fig. 2.17). Afterward the planarization, the
“holes” that allow the connection between metall and meral2, called vias, are
opened (Fig. 2.18). The metal2 is deposed with the same technique used for
metall and then it is etched and removed from the areas where it is not necessary
(Fig. 2.19). Finally, the entire area of the surface is covered with a vitreous layer,
or passivation, having the function of sealing and protecting from the external en-
vironment.
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2.2 Main Steps of Fabrication for a CMOS Process 31
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32 2 Process Aspects

The last operation is the opening of the pad areas in the passivation layer,
where the wires are bonded to make connection from the integrated circuit to the
pins of the package (Fig. 2.20).

Subsequently, the wafer is lapped, i.e. it is thinned by means of chemical abra-
sion so as to make it easier to assemble it into the package and, moreover, improve
the conduction of heat. The device is then submitted to electrical and functional
tests.

The most important steps of a typical CMOS process with two layers of poly
and metal for non-volatile cells have been presented. The process is actually con-
stituted of many more steps that can reach 300, the majority of which are cleaning
steps. For each major operation, the recipes are defined in terms of temperature
environment, gas, atomic species etc. and only the steps that are directly involved
in the circuit design have been described in this chapter.

Another characteristic of the process is the triple well, which facilitates a sim-
pler solution to erase the Flash memory.

pad opening

p-well

4\#4\# 4# %ﬁ %ﬁ 4#

p-well

flash cells HV nmos HV pmos LV nmos LV pmos
[] p-well [ oNo [ ] Metal1
/0 nwell Threshold implants [} TEOS + SOG
Il o+ isolation I Poly2 = Metal2
Field Oxide B silicide
I EPM implant [] Source and Drain
Poly1 Isolation oxide

Fig. 2.20. Passivation and pad opening

In order to solve the problem of the erasing Flash cells by use of a negative
voltage on the row without increasing the complexity of the circuit, it is useful to
create n-channel transistors having substrate that can be biased independently. Ar-
eas with n-wells are fabricated through a doped buried layer, thus realizing a p-
type tub insulated from the substrate, which is also p-type (Fig. 2.21).
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Fig. 2.21. Device section that highlights the triple-well transistors with their bias
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3 The MOSFET Transistor and the Memory Cell

Although this book addresses topics that require previous basic knowledge of the
MOS transistor, an overview of the principles of such component will not be omit-
ted. For a rigorous and complete exposition on the MOS transistor behavior, the
reader should refer to specialized literature. This book will focus on certain as-
pects of the MOS transistor characteristics, and examples are given from the
standpoint of the designer, who tends to reason in terms of potential, current, and
impedance. Furthermore, the main characteristics of the Flash memory cell will be
presented in read, program, and erase mode. Also in this case, the dissertation is
reduced to the essential notions to understand the problems of the design. A brief
history of the electrical erasing will be outlined in the case of Flash Memories,
from the first generation of devices with double bias, to the current devices having
a single VDD.

3.1 The MOSFET Transistor

The MOSFET transistor (or simply MOS) is defined as a voltage controlled cur-
rent source. When the behavior of the device with respect to small signals is to be
studied, which means small deviations with respect to a fixed steady condition
(called bias or operating point), the equations of the representing model can be
linearized'.

The equivalent circuit of the MOS is represented in Fig. 3.1, in which the gate
terminal G is insulated, since it is supposed that no current flows into the gate, and
the current generator is controlled only by means of the voltage.

The source terminal S has lower potential than the drain D in case of n-channel
transistor.

! There are several ways to define what is meant by “small signal”. For a MOS transistor,
for example, the ratio between bias current in saturation region and signal current can be
considered. The small signal condition is then v, << (V—V,), where the voltage in low-
ercase refers to the signal, whereas the bias quantities are indicated in uppercase. Owing
to the notion of small signal, it is possible to consider only the variations and, hence, in
the analysis of the equivalent circuit, both VDD and ground are considered to be at the
same potential, being stationary with respect to the signal variations.
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36 3 The MOSFET Transistor and the Memory Cell

G

0 ’ oP
Tvgs gmvgs () % 1/gds G
O

S

Fig. 3.1. Equivalent circuit and graphic symbol of an NMOS transistor

In Fig. 3.1 g, is the output conductance, g_ is the transconductance since it
links the variation of an input quantity, the voltage V., to an output quantity, the
drain current I .

GS?

g, =Olbs 3.1)
g, =lps. (3.2)

The parameters described are rarely used when designing from scratch, the time
when the ideas are converted into circuits. Only the simulation programs can man-
age them so as to solve the systems of equations and obtain the potentials of all the
nodes, and the currents of all the branches. The relevant aspect is that, as it will be
shown, g_ is proportional to the aspect ratio (W/L), which is the only parameter
that the designer can control.

What is the equivalent resistance R, of a PMOS transistor connected to the
supply voltage, as shown in Fig. 3.2? If we suppose that the load resistance R is
large enough so that the current drawn from the transistor is less than the capabil-
ity of supplying current of the transistor itself, the voltage V, is very close to
VDD.

VDD VDD
d eq
— Vour Vour
R R

Fig. 3.2. Equivalent resistance for a PMOS transistor working as a current source
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3.1 The MOSFET Transistor 37

For example, if V,, is 100 mV lower than VDD, R can be calculated by
means of the Ohm’s law:

~100mV

ISD

(3.3)

eq

For example, with I of 300 pA, R, of 333 Q) is obtained.

A more accurate model that takes into account the effect of bias of the substrate
(body effect) is shown in Fig. 3.3.

In this case g, is defined as:

Cmb = ZIVZE (3:4)
¢o . oD D
b e 3w ]
© S

S

Fig. 3.3. Equivalent circuit and graphic symbol for an NMOS transistor where the substrate
bias source V  is highlighted

The effect of the bias between bulk B and source S for a MOS transistor is
quantified by means of the expression of the threshold voltage V.. Conventionally,
it is assumed that the conduction in a MOS transistor starts when the difference of
potential between gate and source exceeds the value V., that, in case of n- and p-
channel, can be calculated through the following formulae:

VT,n:VT0+7'(\/2'|®p|+|VSB|_\/2'|q)p|j (3.5)
Vep =Veo—r-N210 [+ Vs 210, (3.6)
o, = _k_Tln[Naj (3.7)

q n;
o, :_k_Tln[&j (3.8)

q n;
_\/Z'Q'go'gsi'Na (3.9)

’= c
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q =1.602-10"[C] electronic charge

k =8.62-10" [eV/K] Boltzmann’s constant

T =[K] absolute temperature

€, =8.854-10™" [F/cm] permittivity of vacuum

e =11.7 relative permittivity of Si

e, =39 relative permittivity of SiO,

N, = [atoms/cm’] doping density of the p-type substrate
N, = [atoms/cm’] doping density of the n-type substrate
Ni =1.45-10" [em™] intrinsic carrier concentration

C.,. =g,e [t oxide capacitance per unit area

t = [nm] oxide thickness

9
*

®_ is the p-type substrate potential, about 0.6 V, whereas V, is the threshold
without the contribution of the body (i.e. with Vi, = 0). For a rough estimation, it
is useful to consider the variation of the threshold as proportional to the square
root of the voltage between bulk and source multiplied by the body effect coeffi-
cient y. Such parameter ranges between 0.3 and 1.0 V" in a typical CMOS proc-
ess.

Problem 3.1: Identify some circuits in which the body effect is disadvantageous and others
in which, on the contrary, such effect is useful. Discuss the circuits identified.

Veso < Vst < Vesz < Vess < Vese < Vass

ls [WA] A
/ Vess
3 Vs Costant current or
.- saturation region
Ohmic or linear region / Ves>Vr
Ves>Vr / Ves3 Vos>Ves-Vr
Vos<Ves-Vr
Vesz
Vs
Veso=Vr
Vos [V]
o Inderdition region
- Vos<Vr, los=0

Fig. 3.4. Output characteristic for an NMOS transistor

In Fig. 3.4 the output characteristic of an NMOS transistor is reported. In the
linear region (or triode) the following relationships exist:

Vs <Vas =V (3.10)
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1 w
Ips =5 M “Cox .(T}.[z'(VGS ~Vr) Vs —V[%S] G.1D

The symbol p_is the electron mobility that, in silicon, is 1417 cm’V"'s". The
W/L ratio is called aspect ratio of the transistor, where W is the channel width and
L is the channel length.

In the saturation region in which V(> (V- V,), Eq. (3.11) is no longer valid
and the drain current can be expressed as:

1
IDS:E'#n‘cox'(VGs—VT)z’(l"Ll’VDS) (3.12)

The term (1 + AV ) accounts for the fact that in saturation region the transistor
characteristic is not parallel to the x-axis but, on the contrary, there is a certain
slope (the value of A ranges between 0.03 and 0.005 V™). The parameter X is usu-
ally referred to as channel modulation parameter. Finally, the important parame-
ters for frequency analysis are the gate, gate-to-source, and gate-to-drain parasitic
capacitance.

At this point, the transconductance and output conductance of the small signal
model g and g, can be calculated in the two working regions.

In the linear region, using Eq. (3.11) we obtain:

Em _:un'cox'(%j'VDS (313)
W 3.14
gdszlunlcax' T '(VGS_VT_VDS) ( . )

Starting from Eq. (3.12), the transconductance in saturation region can be cal-
culated:

W 2-1
gm:,un-Cox-(—)(V V) +2-Vpg )= —B5 (3.15)
L @t . (VGS_VT)

A-1ps
= 1
8 ds (l+/1-VDS) (3.16)

Similar expressions can be obtained for p-channel transistors, keeping in mind
that V,_ is negative and that in silicon p_equals 471 cm’V''s™.

Problem 3.2: The name of the working regions (linear and saturation) for MOS transistors
is inverted with respect to bipolar transistors: find out why.

3.2 Transistors Available

The transistors that the designer has at his disposal depend on the kind of process
and on the performance required to realize the memory device. For a device oper-
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40 3 The MOSFET Transistor and the Memory Cell

ating at low supply voltage, for example, it is important the use of transistors hav-
ing different thresholds.

Hereafter a description of the most used types of transistors will be given: p-
channel transistors with thin and thick oxide, n-channel transistors fabricated in
both common substrate and local triple well p-type tubs, called ip-well for sake of
clarity. N-channel transistors can be LVS type (Light Voltage Shift) or NAT
(Natural) depending on the kind of threshold required, and, moreover, the LVS
can be either HV or LV, depending on the oxide thickness. The transistors with
thin oxide have the advantage of a lower threshold voltage than those with thick
oxide, but they are not able to manage voltages above VDD, and, typically, they
also have shorter minimum channel length. N-channel natural transistors (NAT)
have threshold voltage than is even lower than LVS, and, generally, only the low
voltage version is fabricated. The HV, LV and NAT versions are also available for
p-channel transistors. Table 3.1 summarizes the possible types of transistors with
the corresponding symbol that will be found in the schematics of the following
chapters. In the table, the values of the threshold voltage at room temperature, the
oxide thickness for a typical process, the value of the body effect coefficient v,
and, finally, the value of the current that a square of transistor is able to source or
sink in saturation with V4 and V¢ equals to VDD are reported.>

Table 3.1. Typical transistors available in a CMOS process and main useful parameters

Symbol outside . T, Body effect I cur-
Name and inside Thgs;;) L(ict}[/{);]c al thickness gate coefficent rent/square
triple well oxide [A] [vi1* [1A/square]
NM(&LVS — # — q% 0.6 120 0.95 360
NMOS LVS Hely
v \
v — # — #% 0.8 250 0.96 300
NMOS NAT — U# -0.1 120 0.41 380
LV
PMOS LVS — # 0.6 120 0.42 150
LV
PMOS LVS y
H Hd#" 0.8 250 0.6 130
v
PMOS NAT — 15 120 0.42 250
LV
NMOS DEP HI# 4#% 35 120 0.9 360

2 Such parameters are specific to each process and in this case must be considered merely

as an example, to provide some figures to discuss.
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3.2 Transistors Available 41

The circuit design must be based on actual measurements of the transistors
from recently processed wafers, to insure the correct dimensioning of the circuitry.

It is important to state that the transistors do not act as ideal current sources. As
we know, two well defined operating regions exist, the saturation region, in which
the current supplied by the transistor I is nearly constant with respect to the volt-
age V,,, and the linear (Ohmic) region, in which the behavior of the transistor is
resistive.

Let’s consider a circuit like the one in Fig. 3.5 in which M1 is used to charge
the capacitor C,,,, with V. = VDD; if M1 works as an ideal current source hav-
ing value of I, we obtain:

dVour (3.17)
dt

1 LOAD ~ CLOAD :

(3.18)

I
AVoyr =228 At
LOAD

with the initial condition of V,, = OV and t = 0. Thus, the relationship between
the voltage of the output node and the charging time is linear.

VDD

VIN M1

Vour

4]

Fig. 3.5. N-channel transistor used to charge a capacitor

lLon

In reality, the capacitor is initially uncharged, the current starts flowing and the
output voltage increases, varying V and V , of the transistor according to the
load characteristic shown in Fig. 3.6. The charge finishes when M1 switches off,
i.e. when V. reaches the value of VDD minus the threshold voltage of M1.

Moreover, the body effect has to be taken into account, since it causes the in-
crease of the threshold voltage of M1 as the output voltage V. increases, slowing
down the charging of the output node and stopping it at a value lower than VDD —
V.

TO*

Problem 3.3: Determine the value of V  taking into account the body effect.

Let’s analyze how the charge of C,,, occurs through a p-channel transistor M2. In
this case, V,, = GND, V is fixed because it depends on VDD, not on V, like in
the case of the n-channel transistor. The capacitor is charged with a constant cur-
rent until V¢ of M2 is in saturation region.
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42 3 The MOSFET Transistor and the Memory Cell

Ios [A] A

Vass

Vesa

A
~ lLoan

Ves3

Ves:

Vst

Veso

VDD-V- VDD Vos [V]

Charging time [ns] 0

Fig. 3.6. M1 current during C, ,  charge

LOAD

After that, in the linear region, the output voltage transient is of exponential
type, considering that the transistor dynamic impedance varies for each value of
Vs of M2. In this case, I, characteristic is represented by the curve named V,
in Fig. 3.7.

LOAD GS5

ko (Al |

Vses = Voo

rd leoan

Vses

Vses

Vsez

Vsat

Vseo

VDD " Ve [V]

charging time [ns] 6

A

Fig. 3.7. Charging of a capacitor through a PMOS
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3.2 Transistors Available 43

Let’s give another example, considering the circuit in Fig. 3.8, used as voltage

reference with V<V .

For M1, the biasing conditions are V= V, and V=V, while for M2, V
=(Vy— Vo) and V= (VDD - V). M1 is in linear region, being:

Vps =Vour <Viv =Vgs (3.19)

whereas M2 is in saturation

Vs =VDD =VourVas =Vin =Vour:VDD =V y (3.20)

Recalling Eqs. (3.11) and (3.12) the currents that flow in M1 and M2 can be
calculated.

Ipy = %-(VIN ~Vour ~Via ) (3.21)

J S
[Dl = ﬂl '|:(V1N - VT,naz ) VOUT - E V()UT } (3~22)
f=uC, [%] (3.23)

Where V., is the threshold voltage of the natural transistor considered. Equaling

the two currents and assuming V.. = 0, after some manipulations the following
relation is obtained:

1 3.24
VOUT:VIN'{I_—];p:& ( )

Jpo+l B

Table 3.2 reports simulated and calculated values for V. at different values of p.

VDD

M2

M1

Fig. 3.8. Voltage source dependent on V, and on the size ratio between M1 and M2

Problem 3.4: Remake all the calculations of the theoretical V taking into account the
body effect of M2.

SK hynix Ex. 1009, Page 27 of 199



44 3 The MOSFET Transistor and the Memory Cell

Table 3.2. Simulated and calculated values of V. as the size ratio of transistors M1 and
M2 of Fig. 3.8 varies.

w[/g;ml\]/lz w[/&ml\]/ll p V. [V] r\:;?f&:lhf\(;] sin:[%i]ﬂed VDD [V]
20/3 20/3 1 5 1.46 13 5
10/3 20/3 0.5 5 0.91 0.8 5
20/3 10/3 2 5 2.1 2.1 5
3/20 3120 1 5 1.46 1.1 5
3/40 35 0.125 4 0.2 0.1 5
3/40 313 0.075 3 0.1 0.1 5
4013 35 2 5 4 4.1 5

3.3 The Memory Cell

The memory cell we will deal with is the non-volatile cell, which is able to retain
the information even without supply voltage. This is possible due to the insulated
gate. Several versions of the non-volatile cell, based on the principle of the float-
ing gate, exist. We will deal in detail with the cell named “T” because of the geo-
metric shape, which constitutes the basic element of the array organization of the
so-called NOR-type non-volatile memory. The picture or, better, the layout of the
cell is shown in Fig. 3.9 with its basic features. It stores the single bit of informa-
tion, the reading of several bits in parallel allows obtaining the bytes and the
words.

The single cell structure is repeated to create the array that constitutes the bank
of memory. Figure 3.10 shows an array of eight cells. As it can be noted, the con-
tact is shared between two cells, which allows reducing the overall area by dimin-
ishing the number of contacts and, moreover, increasing the reliability of the de-
vice since the contact are critical in the fabrication process. The consequent
parallelism of cells is often paid from the electrical point of view as we will see
later on.

The cells that are on the same row of poly2 have also the same source junction,
which is also shared with the cells of the following row. A source contact at inter-
vals® guarantees the connection of the source to ground or to a fixed potential.

3 Generally every 16 cells.
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Drain contact

/ Metal1 drain connection: bit line

Drain junction

Poly1: floating gate
Drain junction
&1

Poly2: control gate \
L §/ \ AN

4‘ ‘ Drain contact

| | /

/ \ Source junction

Wing Wing

Fig. 3.9. Layout of the non-volatile cell and corresponding schematic. The size of L and W
are presently less than one micron. The contacts are drawn as square even though they ac-
tually result in a round shape on silicon.

Particular attention is then paid to the side cells, the cells that constitutes the
rows and columns placed at the edge of the array. As in any repetitive structure,
breaking the symmetry at the end of the framework causes non-uniformity that re-
sults in memory cells that are different in terms of size and characteristics from
those inside the array. Some dummy rows and columns are present but not electri-
cally connected, with the function of reducing the edge effect for the used cells.

Problem 3.5: How should side rows and columns be fabricated in an EPROM cell array
and in a Flash cell array?

The starting point for the analysis of a memory cell with floating gate is the
equivalent capacitance one-dimensional model depicted in Fig. 3.11. In this
model, merely electrostatic, the four electric terminals are coupled to the floating
one by means of capacitors that can be derived assuming flat and parallel planes.
Therefore, the capacitance depends on the thickness of the dielectric and on the
area of overlap between floating gate and electrodes.

Considering that a certain charge Q is present on the floating gate, it is possible
to use the relationship among capacitance, charge, and difference of potential at
the sides of a capacitor to calculate the potential of the floating gate V_, with ref-
erence to the external potentials:

0 =Cpge '(VFG _VCG)+CS '(VFG _Vs)+
+Cp '(VFG _VD)+CB '(VFG _VB) (3.25)
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word line (n)

source junction

word line (n+1),

N
word line (n+2)§ sg

source junction

s
word line (n+3) & LS Q

N

column or bit line

word line (n)

i
L

word line (n+1) source junction

1

word line (n+2)

word line (n+3) source junction

1

1
H‘I__I::l_lJ"I__FH

1
[

L

bit line (n) bit line (n+1)

Fig. 3.10. Layout of eight cells connected so as to form an NOR-type array, with the source
shared between two rows of cells and the drain contact shared between two single cells

CONTROL GATE
|:_!_:| FLOATING GATE
Crc
SOURCE C C CD
T Sl T 8 /= DRAN
SUBSTRATE

Fig. 3.11. One-dimensional model for floating gate transistor
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3.3 The Memory Cell 47

At this point, we can use the following definitions:

Cr=Cpc+Cph+Cys+Cp

(3.26)
Cy Cp Cp Cre
Q¢ =—>;0p =——;0p =—;0; = .
s C, D C, B c, G c, (3.27)
to obtain:
VFG=0(S-VS+05D~VD+0:B'VB+0(G-VCG+2 (3.28)

Cr

It is interesting to point out that the behavior of the cell is identical to the n-
channel transistor having the gate terminal at V., i.e. the polarization of the elec-
trodes. This observation is the essential principle of operation of the Flash cell.

Let’s analyze the behavior of the cell in the linear region. Substituting the volt-
age of the floating gate in Eq. (3.11), we get:

2
I, =B '|:<VFG _VTFG)' v, _VTD:l (3.29)

The superscript FG indicates quantities that refer to the floating gate. With the
source and bulk at ground potential, it is possible to calculate the drain current of
the cell with reference to the external potentials only. Substituting Eq. (3.28) into
Eq. (3.29) we have:

p2
IDzﬂFG.KaD-VD +aG'VCG+Cg_VTFGJ'VD_7D:| (3.30)
T

Now it is possible to define the parameters f and V, with respect to the control
gate, i.e.:

B —ay - pFO.yCO :L.[VTFG _QJ (3.31)

ag Cr

In the case Q = 0, it is simple to give a circuit representation of the definition of
the threshold voltage with respect to the control gate, by considering the capaci-
tive divider formed by C,.and C, and imposing that the voltage of the floating
gate equals the threshold voltage. It is now possible to rewrite the drain current of
the cell in linear region only:

1, = pC '|:<VCG vy, +aL(aD _%j . Vé} (3.32)
G

Problem 3.6: Write the working equations of the floating gate cell in saturation region. Can
the cell switch on also for gate voltage lower than V. ?
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48 3 The MOSFET Transistor and the Memory Cell

3.4. Reading Characteristics

Due to the array organization, the cells that are on the same column share the bias
contact of the drain, whereas the cells placed on the same row share the same gate
contact, as depicted in Fig. 3.12%.

1
ROW ] =
DECODER Il
1l ADRESSED CELL
ROW Il
ADRESSES

.|||_

dEdEdEdE!
rrmfﬁfixll

COLUMN
DECODER

5

COLUMN
ADRESSES

REFERENCE

Jojesedwod

OUTPUT PAD

OUTPUT
BUFFER

Fig. 3.12. Array organization: the cells are connected in the x-direction, i.e. the row, by the
gate and in the y-direction, i.e. the column, by the drain contact. The decoding univocally
allows addressing each single cell of the array.

Thus, in order to program the cell shown in the figure, the gate must be biased
at about 12 V and the drain at about 5 V. Obviously, in such a condition, all the
cells on the same row have the gate at 12 V and all those on the same column have
the drain at 5 V. Therefore, a cell having gate at ground but belonging to the same
column of the cell that is being programmed has the drain at 5 V and suffers the
effect of drain stress that tends to erase it. In Fig. 3.13 the impact of such effect on
programmed cells for a typical process is shown.

If the columns contain many cells and all of them are to be programmed, in the

worst case the maximum programming time allowed, say 250 ps, will be neces-

4 The figure anticipates many issues, but what is important at this point is the organization
of the array that allows many cells to be connected to the same drain contact.
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sary for each cell. Assuming a column of 1024 cells, the time of drain stress t, ap-
plied to the first cell of the column equals:

14 =1023-250 45 = 0.2565 (3.33)

This kind of stress should not lead to any problem but, in case the drain voltage
were 5 V also during the reading phase there would be a loss of intrinsic charge
due not only to the tunnel oxide retention but also to the electric field applied. The
characteristic shown in Fig. 3.13 refers to a typical “good” cell, but the situation
may be worse by several orders of magnitude for defective cells in terms of
threshold shift.

AVr [V]
0 T*?
——J Vo= 4.5V
. S i S ——elV,=5V
~e. \O\
\ Vo= 5.5V
T|Vo=6V
time [s]
0 10

Fig. 3.13. Impact of the drain stress on a programmed cell. The deviation from the curve
corresponding to zero volts indicates the percentage of charge loss. The family of curves
has the drain voltage as parameter.

The effect of the drain stress can potentially occur even at low drain potentials.
Thus, it is important to choose values of the drain potential that do not induce
stress to the cells, which would lead to loss of information. In practice, the voltage
of the drain terminal is driven to 1 V, to the maximum?. Considering that the volt-
age applied between control gate and source during the reading is generally
greater than 4 V, this causes the cell to operate in the linear region. It is now pos-
sible to calculate the transconductance of the cell in linear region (with constant
V,), basing on Eq. (3.32):

g —Obs _ pea (3.34)
Vg
It is possible to observe that the cell transconductance is independent from the
content of charge of the floating gate, resulting in the same value for erased or
programmed cells.

5 What is stated here will become more evident after studying the chapter that deals with
the techniques to read the cells.
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Let’s define V,, as the threshold of the cell with Q = 0. The step of voltage AV,
with respect to the control gate, which differentiates the erased cell (logic “17)
from the programmed cell (logic “0”), can be calculated starting from Eq. (3.31):

AVr :VTCG Vo=~ o

(3.35)
Crc
Therefore, the drain current of a cell in linear region results to be:
1 1
Ip=p% '|:(VCG ~Vro=AVz)-Vp +_‘[aD —EJ : VD2:| (3.36)
ag

Once the drain voltage used during reading has been fixed, the characteristics
of the “1” and “0” cells result to be parallel and separated by a fixed quantity
equal to AV.. The diagram of the Fig. 3.14 reports the typical quantities for the in-
put characteristics on the axes. The axis of abscissas can be regarded as both V
and bias voltage VDD, since it is suitable to drive the gate terminal to the maxi-
mum voltage available, which is generally the bias voltage.

For sake of simplicity, hereafter the superscript CG will be omitted and V., will
be referred to as V  considering the source at ground.

b [uA] A

Iloll

|
Ves = VDD [V]

Fig. 3.14. The characteristics of programmed or erased cells result to be parallel during the
read operation

3.5 Programming

The writing operation, or programming for a Flash cell is carried out by means of
the so-called hot electrons that are able to overcome the energy barrier
corresponding to the thin oxide between the drain area and the insulated gate.
Thus, the two terminals of the cell, source and drain, are used in different ways
during the two operations: during the erase the electrons flow from the insulated
gate to the source, whereas, during the program, the electrons flow from drain to
gate. Such specialization of the two terminals allows optimizing the device for the
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specialization of the two terminals allows optimizing the device for the two differ-
ent operations®. Let’s now examine the program mechanism.

Let’s consider an NMOS transistor (the Flash cell is an n-channel transistor) bi-
ased with a difference of potential between the gate and source terminals greater
than its threshold voltage. In such a condition, minority carriers (electrons) are
present all along the channel. If the drain junction is reverse-biased, some minority
charges are drawn from the nearby region of channel and, thus, a reduction in the
electron density along the channel from source to drain is determined. We define
pinch-off voltage the V ¢ bias for which complete depletion of the channel is
achieved at the drain junction. If the V voltage is further increased, the depleted
region expands toward the source and its extremity is called pinch-off point. The
presence of such a point defines the saturation condition for a transistor. In the
specific case of the program operation, the cell is always in saturation region.

The longitudinal component of the electric field, always pointing from the
source to the drain node, has a very intense gradient in the depleted region of the
drain. Due to this unhomogeneity, the profile of the energy distribution of the
electrons varies significantly along the direction parallel to the channel.

In general, conduction electrons tend to maintain thermal equilibrium with the
lattice, yielding the energy that they acquire from the electric field through colli-
sions with acoustic phonons, impurity, or other electrons. As a consequence, their
average energy keeps around (3/2) KT, where K is the Boltzmann constant and T
is the temperature of the lattice, while their speed varies linearly with the applied
electric field. However, increasing the intensity of the field beyond a given limit,
some electrons acquire more energy from the field than they can lose (no scatter
mechanism is effective). In practice, these carriers are no longer in thermal equi-
librium with the lattice and are called hot electrons.

In order to describe the kinetic of the hot electrons, the Fermi-Dirac energy dis-
tribution is introduced, similarly to what happens to the charge in thermal equilib-
rium, but with a specific associated temperature T, > T. Silicon lattice, having
atomic density of 5-10” atoms/cm’, is characterized by electrons with covalent
bonds (Fig. 3.15). Thermal energy allows some of these electrons to break the
atomic bonds and, hence, they are free to move throughout the lattice, passing in
conduction band. In a semiconductor, together with the electrons, also holes ex-
ists, i.e. absence of electrons, which can be represented as positive charge carriers,
that move in the opposite way in the valence band. An important property of the
electrons in the lattice is their distribution with respect to the allowed energy
states, in the condition of thermal equilibrium. The Fermi-Dirac distribution func-
tion, f,,, provides the probability that an energy status, E, is occupied by an elec-
tron:

1
Trp (B) = — 5 (3.37)
l+e

where E, is the Fermi energy (or level), corresponding to a 50% probability that an
electron occupies the related energy status. In an intrinsic semiconductor, i.e. not
doped, the number of carriers in the conduction band (electrons) equals the num-

¢ With the introduction of the array in the triple well, the erasing can take place along the
entire channel length, making the specialization of the source no longer necessary.
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ber of carriers in the valence band (holes), and the Fermi-Dirac function is sym-
metric with respect to that level. In a doped semiconductor, instead, the Fermi
level shifts as a function of the type and quantity of doping present.

Plane (110) Plane (100) Plane (111)

Fig. 3.15. Silicon crystallizes in a diamond structure, which is composed of two cubic lat-
tices with centered sides, shifted with respect to each other by a quarter of diagonal. The
different planes of the crystal and the respective Miller indexes are reported

The idea of attributing an electronic temperature, T,, greater than the lattice one
so as to characterize the condition of the hot electrons is not completely correct,
since temperature is a concept typical of the thermodynamic equilibrium. How-
ever, it is useful to understand the drift of the carriers in presence of strong electric
fields.

Hot electrons are responsible for a series of mechanisms that, in various ways,
feed the channel, substrate, and gate currents. In Fig. 3.16, the effects that contrib-
ute to the gate current are highlighted. Let’s now analyze in detail the phenomena
of multiplication of the hot electrons in the channel.

Let’s considering the phenomenon of the generation of electron-hole pairs due
to impact ionization. Impact ionization is a process of coulombian interaction
among electrons that activates in presence of high electric field. In practice, it
happens that a very energetic electron, impacting against an electron that is in the
valence band, yields enough energy for it to pass in the conduction band. At the
end of the interaction, both the electrons are in the conduction band while a hole
has been generated in the valence band. The energy threshold for which such a
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process takes place is nearly equal to 3/2 of the silicon energy gap’. Considering
that the gate current is around some nanoAmperes and the substrate current around
microAmperes, it descends that, for the channel electrons, the ionization phe-
nomenon is favored from the energy point of view with respect to their passage
across the tunnel oxide. The negative charges, e,, that originate due to primary
multiplication, increase the population of electrons in the channel, phenomenon
also referred to as C.H.E.ILA. (Channel Hot Electron Induced Avalanche). On the
other hand, the ionization process provokes loss of energy. The electrons produced
are re-accelerated by the longitudinal electric field and their probability of cross-
ing the oxide voltage gap is concentrated in the final part of the channel. In the re-
gion of channel where the transverse electric field is direct toward the floating
gate, there is a non-null probability that the holes produced by ionizing impacts
may cross the oxide, providing a negative contribution to the gate current. It is
necessary to bear in mind that they have to pass an energy barrier of 4.7 V, instead
of the 3.2 V that is necessary for the electron injection and, furthermore, their ef-
fective mass is higher.

Gate
Current

Channel
Current

Avalanche

Channel Channel Hot
Electrons Hot Electrons Electrons Channel
Electrons Current

Avalanche
Hot
Holes Holes
Gate
Electrons

Gate Current

Current

Substrate
Current

Holes

Substrate
Current

Fig. 3.16. Mechanism of charge injection onto the floating gate

As a consequence of the analyzed mechanisms, the amount of electrons (pri-
mary or generated by ionization) that are able to cross the tunnel oxide concen-
trates close to the drain junction. Recently, a physical mechanism known as
C.H.L.S.E.L. (Channel Initiated Secondary Electron Injection) has been identified,
which is able to produce an electron flow toward the gate, and whose peak of in-
tensity is located far from the drain junction. The holes produced by the first im-
pact ionization acquire enough energy from the electric field direct toward the
substrate to start a new multiplication phenomenon. Due to the presence of a suit-

7 This derives from the momentum and energy conservation equations, assuming that all the
carriers have the same final speed and the same mass.
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54 3 The MOSFET Transistor and the Memory Cell

able electric field, the electron generated by this mechanism are heated and at-
tracted by the channel where they can be injected onto the floating gate. Obvi-
ously, in the first phase of the programming, this contribution is negligible, since it
depends upon the probability that multiplication phenomena occur. However, as
the programming operation goes on, the transverse electric field strongly opposes
against the electron injection and, thus, the injection efficiency due to the C.H.E.
and C.H.E.ILA. loses the most consistent component. The flow of the electrons
produced through C.H.I.S.E.L. is reduced by a lower amount, since it is located in
a portion of channel closer to the source, where the direction of the electric field is
favorable. In this situation, the contribution due to the secondary electrons be-
comes more important in the expression of the overall gate current. The phenome-
non described above can be regulated by means of the substrate bias. Increasing
the difference of potential applied to the drain-substrate junction, the intensity of
the transverse field below the channel is also increased, which is the fundamental
element to the effectiveness of the injection mechanism of secondary electrons.

In conclusion, the ionization phenomenon in the channel causes an increase in
the amount of conduction electrons and in the decrease of their average energy.

The tail of hot electrons is hence remarkably increased nearby the drain junc-
tion and, as a consequence, the charge flow toward the floating gate. During pro-
gram, when the floating gate voltage reaches the imposed value, V , the trans-
verse electric field dramatically reduces the charge injection in the channel region
close to the drain, causing a quick reduction in the gate current.

It is evident that the charge flow across the oxide tightly depends upon the pro-
file of the energy distribution of the hot electrons. Despite the fact that it is very
complicated to express the relationship with the voltage applied, it is evident that
an increase in the drain voltage acts to increase the percentage of the electrons
having energy greater than the oxide energy gap.

From the operating point of view, the minimum speed with which the device is
due to accomplish the program operation is determined, and this also defines the
voltage that must be applied. Supposing that the threshold voltage is increased by
3 V from an initial V of 2.5 V, the bias configurations that fulfills the require-
ments can be found. The choice will select the lowest voltages, thus minimizing
power consumption and electric stress.

The flow of secondary electrons across the tunnel oxide induced by the nega-
tive bias of the substrate is one of the most popular approaches to reduce the volt-
ages applied to the cell terminals. Of course, the technological process must ac-
count for the possibility of fabricating the array in triple-well as highlighted in Fig.
3.17. By reducing the voltage of the control gate and the drain, it is possible to re-
duce the intensity of the electric field across the tunnel oxide, with the consequent
improvement in terms of gate and drain stress (see Chap. 20).

In practice, the negative substrate bias reduces the voltage of the pinch-off
point, increasing the longitudinal component of the electric field. Moreover, ow-
ing to the effect on the threshold voltage (the Flash cell is an NMOS transistor), a
decrease in the substrate voltage greatly reduces the overall drain current during
program, with the consequent power saving.

SK hynix Ex. 1009, Page 38 of 199



3.5 Programming 55
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Fig. 3.17. The substrate of the array (ip-well) is insulated from the substrate of the rest of
the circuitry by means of the n-well tub. In this way, it can be biased with a negative volt-
age during program to increase the writing effectiveness and diminish the drain current of
the cell.

In Fig. 3.18 the characteristic of the threshold voltage step, AV,, is reported
versus the programming time in the case of cell with grounded substrate: this is
the so-called program curve. We recall that the threshold voltage of the cells is
varied by the gate current by means of charge accumulation on the floating gate.

AVT*

AVT V]

P Lol M| L
1E-4 1E-3 1E-2 1E-1
Programming Time [s]

Fig. 3.18. Program curve of a Flash cell
In Fig. 3.18 two different zones can clearly be distinguished. The first in which

there is a fast increase in V in a short time; the second in which there is a slower
increase and a logarithmic function of the time. The point of separation between
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56 3 The MOSFET Transistor and the Memory Cell

the two zones corresponds to the condition in which V,, equals V , i.e. the volt-
age of the floating gate equals the voltage of the drain, and, on top of that, it corre-
sponds to the threshold voltage step also known as AV, .

Let’s suppose to apply a V, gate voltage and a V, drain voltage to an erased
cell. The writing by means of hot electrons will continue until the voltage of the
floating gate equals the drain voltage. If, on the contrary, the gate voltage applied
is Vi, > V,,, we obtain a higher initial gate voltage of the floating gate. As a con-
sequence, in order to reach the AVT* condition, we have to inject more electrons
onto the floating gate, which results in a higher threshold voltage of the written
cell.

In the case in which V,, > V, the conditions favor the charge injection onto the
floating gate, whereas if V, < V, the charge that has already been injected pro-
vokes a reduction in the potential of the floating gate below the value imposed by
the drain. The part of the channel closer to the drain diffusion has higher voltage
than the floating gate, which does not allow the majority of the hot electrons (gen-
erated in this zone of high longitudinal electric field) to cross the oxide®. Thus, the
slope of the program curve in the zone where V, < V changes, and the program-
ming speed quickly diminishes. In terms of gate current, we obtain that I, is nearly
constant when V., > V, whereas the gate current diminishes exponentially in the
region where V,, < V.

Substituting Eq. (3.35) in Eq. (3.28), the potential of the insulated gate can be
expressed as:

Vie =agWVeg —AVp)+apVpy +agls +aghy (3.38)
If we want to calculate the value of AVTé, i.e. the intrinsic voltage step, we have

to insert the value of the potentials in the expression above, i.e. V, = V=0, and
express AV in the hypothesis that V_, =V

* 1-

Dy, (339)
G

The value of AV,  is an important indicator of the programming speed®. If the
minimum threshold voltage to regard the cell as programmed is greater than AV,
the cell will follow the knee of the program curve, going in a region where the
gate current is very low, with a penalty in terms of programming speed. The prob-
lem of the maximization of AV, through the variation of the physical parameters
that impact on the capacitive ratios poses. What we do is increasing the overlap
area between control and floating gate by means of the so-called wings. As it can

8 Near the beginning of the injection process, the inversion layer extends almost all the way
to the drain, and the field in the oxide is attractive except for a small portion very near the
drain. Current begins to flow through the oxide at the point where the electrons are the
hottest and where the oxide field is most favorable. As the floating gate charges up, the
floating gate-to-source voltage drops and the drain pinch-off region moves toward the
source.

9 In the cells of the latest generation, such a sharp distinction between the two programming
zones no longer exists.
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be seen in Fig. 3.9, while the capacitive coupling between control and floating
gate increases because of the wings, the coupling with the substrate is nearly con-
stant due to the high thickness of the field oxide underneath. In this way, the a,
coefficient increases and, taking into account Eq. (3.39), also the value of AVT*.

When operations of modification of the charge content of the floating gate are
examined, it is necessary to account for the topological distribution of the cells
within the array. For example, the resistive paths that connect the source of the
single cells to the ground contact present resistance ranging from a few to several
thousands Ohms, depending on the size and the kind of insulation used. This resis-
tance worsens the programming characteristics and further widens the cell distri-
bution. Finally, temperature variations and misalignments of the masks during fab-
rication worsen the problem.

3.6 Program Algorithm

The circuitry necessary to accomplish the programming is very complex. The ad-
vent of technologies with more and more reduced dimensions imposes precise
control on the potentials to apply to the cells and to timings. In the case of devices
with single supply, another problem for the designer is the cell current consump-
tion during this phase. The control circuitry that governs the operation is realized
in the same way also in the case of double supply devices. Major attention is paid
to the way in which the program voltages are applied. First, the gate voltage must
go high in order for the channel to form, and then the drain node must be pulled up
with the program pulse. If the drain went up before the gate, unpleasant accidents
might occur to all the cells connected to the column, such as spurious erase or
program, snap-back phenomena (Fig. 3.19) and degradation of the cell perform-
ances. Thus, the control circuitry verifies the correct timing application of the sig-
nal, their duration and amplitude.

The instant of application of the drain pulse, with the gate already up, causes
the cell to sink very high current, a part of which charges the parasitic capacitance
of the bit line, whereas the other part crosses the channel producing the necessary
hot electrons. This current peak can be estimated around 1 mA in the worst case.

Single supply devices cannot afford charge pumps that, in the hypothesis that
we want to program an entire word, are able to source 16 mA during program with
a 5 V output voltage. The first step is the adoption of the program on a byte basis
instead of on a word basis, even though this increases the programming time!°.

10 The programming time directly impacts on the cost of the final system since a part of the
memory is usually programmed by the manufacturer. The typical programming time
ranges from 5 to 10 ps to program a word.
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Gate +
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Parasitic bipolar ® Holes current produces
transistor the potential drop, Vbe, to
® turn on the parasitic

Substrate distributed bipolar transistor

resistance

p substrate

Fig. 3.19. Snap-back effect due to the switching on of the parasitic bipolar associated to
each MOS. The potential applied to the drain may cause the breakdown of the junction, in-
jecting holes into the substrate and pulling up the voltage of the base of the npn transistor
indicated. When the bipolar switches on, the current does not flow along the surface, but is
sunk into the ground contact of the substrate. Thus, the potential of the drain node de-
creases, which switches off the bipolar, and so forth. An oscillation is triggered on the drain
node

The introduction of a control algorithm that distinguishes the two bytes that
compose the word only in the case that the overall number of non-programmed
bits is greater that eight may help. Even in this case, the problem of the power
consumption is still present. In order to try to reduce its impact, new circuit con-
figurations may be introduced. The first consist in programming by means of a
ramp on the gate, as shown in Fig. 3.20.

Ves [V]

A
10.5
5

B time [s] ¢ I to program
Vos [V] A
*H VDS
VGS
5
— = time [MS]

5 us
Fig. 3.20. Application of the program pulse during the gate ramp to limit the current con-
sumption
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During the first phase, the gate is biased at 5 V, which is enough to create the
channel and, subsequently it is pulled to the final value of about 10 V by means of
a ramp. During the application of the ramp, the drain pulse is applied that, in the
case of the example shown, has a minimum duration of 5 ps. In this way, the ini-
tial peak of current is reduced by acting on the value of the potential applied.

As already discussed, the placement of the array in triple-well allows biasing
the cell substrate, improving the program effectiveness and, thus, reducing the
value of the current sunk to about 100 pA for each cell.

3.7 Erase Operation

Let’s now examine the electrical erase operation in detail. Let’s start by consider-
ing a gated diode, which is a MOS structure where only the diffusion area beneath
the gate is active (Fig. 3.21). In our case, the gated diode represents a system
composed of the isolated gate and the cell source junction, where the erase phe-
nomenon takes place.

Vs Ve

: Tunnel oxide

3 3

Source junction

n+

p substrate

v

Fig. 3.21. Gate diode structure to study the erase operation

If we consider the cross section along the A-A’ dashed line and draw the en-
ergy band diagram during erase, we obtain Fig. 3.22. The source has positive po-
tential, the gate has negative potential, whereas the body is grounded. Moreover,
the cell is programmed, i.e. the floating gate is charged with electrons. Such elec-
trons have a finite probability of crossing the energy barrier related to the gate ox-
ide, due to the Fowler-Nordheim (FN) tunneling. The gate current associated with
the FN tunneling phenomenon can be expressed as:

Ig=Ap -E2 .exp[_zﬂJ (3.40)

ox
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where E__ is the electric field across the gate oxide (between source and floating
gate), while A and B, are constants.

Bands’ bending is due to the applied potentials and implies that in the valence
band there are electrons having the same energy as those in the conduction band
(point A in Fig. 3.23).

The possibility of such an interband electron flow depends on the donor con-
centration in the silicon that is responsible for the band curvature. In the examined
case, the n* doping concentration of the cell source is indicated in Fig. 3.23.

poly oxide diffusion n+

E~ 3.2eV
E 41— qux

| =
Ev

q (Vs-VG)

Lt

Tox Ev

Valence band

Fig. 3.22. Energy band structure with the applied erase potentials
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\N Floating gate

Cell source junction

n+ //
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p substrate

/ source n+
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|
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Fig. 3.23. Variation of the n* doping concentration along the source-to-gate direction

The voltage drop in the silicon increases as the doping concentration decreases
and, thus, an intense electric field is present in the oxide beneath the gate while, on
the opposite side, at the source junction end, all the potential drop is located in the
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silicon. In Fig. 3.24, the region where the interband tunneling phenomenon due to
the electrons that leave holes in the valence band can take place is shown. Such
holes flow through the depleted region of the substrate into the ground terminal
and are responsible for the current called I,,, (Band-to-Band Tunnel). The gate
current is around some picoAmperes, while the BBT current is three orders of
magnitude larger, i.e. around some nanoAmperes per cell. Also I, can be ex-
pressed through an expression similar to the one used for the gate current:

-B
Tper =1 = Ay - Eo -exp(—E BBJ (3.41)
si

where A, and B,, are constant and E is the electric field at the silicon surface in
the source region underneath the gate. E  and Eg are bound together by the conti-
nuity of the displacement vector at the surface.

e E,. =65 Eg (3.42)

ox

E,_=3-Eg (3.43)

Tunneling region

Band to band tunnel region

Depleted zone -

Fig. 3.24. The region underneath the gate where the tunneling across the oxide and the in-
terband tunneling can take place

If we draw the logarithmic diagram of the BBT current as a function of the
source voltage and regard the gate voltage as a parameter, we obtain Fig. 3.25. By
substituting the difference of potential between the source and the gate nodes for
the source voltage on the abscissa axis in Fig. 3.25, we obtain the diagram in Fig.
3.26 where the characteristics of the BBT current are overlapped.
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Fig. 3.25. Band-to-Band Tunnel current as a function of the source and isolated gate volt-
age
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Fig. 3.26. BBT and gate current as a function of the difference of potential between the
source node and the isolated gate

V-V, is the transverse component of the electric field and I,,, does not depend
on V. Therefore, the current due to the interband tunneling depends only on the
transverse component of the electric field.

Let’s now consider the memory cell taking into account Eq. (3.25) that associ-
ates the voltage of the isolated gate with the source and gate node potentials, the
charge trapped, and the capacitive ratios. The drain does not have any impact (at
least at a rough estimate) since it is left floating during the erase operation while
the substrate is grounded.

Vig =ag V¢ +ag - Veg +C2 (3.44)
T

If we neglect the voltage drop in the floating gate and in the silicon, the electric
field across the tunnel oxide can be calculated as follows:

Q
-1)-Vs + Ve +—
_Vre Vsl (o5 =1)-Vs + a6 Ve Cr (3.45)

t B t

ox

ox ox
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3.7.1 Erasing at Constant Voltage

In this case the erase operation is carried out by leaving the drain floating, whereas
the gate is grounded and the source is pulled up to 10—12 V. The necessary electric
field is therefore obtained by controlling only one of the cell terminals. This mode
is implemented in flash memories that, besides VDD, have a second bias voltage
dedicated to program and erase operations, named VPP. At the initial time, the
electric field across the thin oxide depends only upon the charge stored on the
floating gate, Q. The erase operation is carried out by discharging the isolated gate
and, at the same time, the electric field and the current diminish in an exponential
fashion with the electric field.

The problem is that the initial peak of the electric field, caused by the applica-
tion of the source voltage, may provoke the breakdown of the source junction. The
solution that prevents the junction damage and the cell degradation consists in ap-
plying the erase voltage to the source by means of a voltage ramp instead of
applying it directly. A simple alternative is the insertion of a resistor, R, to limit
the voltage (Fig. 3.27).

1Y

VPP =
—MA——e— |~ Drain = floating

Vs

leer [A]

R load
characteristic

1E-6

1E-8

1E-10

T T T T
0 1 12 13 14 15

Fig. 3.27. Circuit configuration and voltage of the source node in the case of constant erase
voltage
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The load characteristic of the resistor is overlapped to the I, characteristics.
With the resistor we do not erase through a ramp since the horizontal part of the
characteristic, which becomes vertical later, is covered in a short time. Erase can
be performed because the voltage drop on the resistor is small and allows obtain-
ing the necessary electric field due to the fact that the gate current is much less
than I ..

The resistor value is determined so as to pull the source potential to a value
definitely smaller than the breakdown potential at the beginning of the erase
phase, when the BBT current is maximum.

As for program, we can define the erase characteristic as the curve that ex-
presses the threshold voltage shift as a function of time. Figure 3.28 shows as the
time that is necessary to reach the V., threshold voltage is independent of the V,
voltage of the programmed cells at the beginning of the erase phase. Of course,
this is true for a given tunnel oxide thickness.

Vi V]

77 Vs =12V

Final V-

0 -+
1E-6 1E-5 0.0001 0.001 0.01 0.1 1

time [s]

Fig. 3.28. Threshold voltage as a function of time

In order to better understand this behavior, let’s erase two cells, geometrically
and electrically identical, that have different initial charge on the floating gate
(Fig. 3.29), i.e. different V.. During erase we suppose that the voltage applied to
the terminals of the two cells is the same, which means that the two control gates
are equipotential as well as the two sources since the local currents are so small
that they cannot modify the voltage drop.

At the beginning, the cell having more charge and, therefore, greater threshold
voltage, has a more intense electric field and is erased more quickly. The faster
cell reaches the amount of charge of the slower cell and, from that moment on,
they are erased together since they undergo the same electric field.
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Fig. 3.29. Two identical cells with different initial amount of charge are erased simultane-
ously since they belong to the same sector. The slower cell waits for the faster cell so that
they have the same electric field applied

A clarification is now necessary. The tunneling phenomenon that causes the
erasing is located in a very narrow region, at least in the channel direction. The
polysilicon grains that make up the isolated gate have the same size of the erase
region. Besides the geometrical differences, also the possible charge trapped, due
to the various process steps that eventually modifies the band structure at the inter-
face!!, must be taken into account. All the variations can be regarded as an equiva-
lent variation of the oxide thickness. It is important to notice that the shape of the
threshold voltage distribution of the erased cells does not depend on the shape of
the corresponding distribution of the programmed cells (before erase). It is also
possible to regard such a distribution as the overlap of a gaussian distribution and
a poissonian tail.

The adoption of the mixed erase instead of the source erase increases the
breakdown margin that, we recall, may be a problem only if it involves few cells
that undergo source junction degradation caused by the high current flow.

In single bias source devices, high voltages are internally generated by means
of charge pumps (see Chap. 15). The limited availability of current sourced by
such circuits has led to the negative gate erase.

Taking into account Eq. (3.45) and supposing that:

oy =015AV, =3V;T, =10nm;E  =10MV /cm (3.46)

we obtain
Ve ==8V;Vy =5V (3.47)

Notice that, in this case, also the gate capacitive coupling takes place. The ad-
vantage in terms of reduction of the voltage applied to the cell source is evident.

' The trapped charge is responsible for the phenomenon known as “erratic bit”. During the
write/erase cycles, some cells can be found whose V.. might be negative after the n-th
erase cycle, and might become positive after m more cycles and eventually negative
again after n+m further cycles.
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3.7.2 Constant Current Erase

The main drawback of the standard erase method with constant voltages applied is
the strong dependence of the erase time on V (typically VPP or VDD) and tem-
perature. Moreover, this approach implies a complete dependence of the electric
field on the cell process variation, giving rise to a variable peak of both source and
gate current, occurring at the beginning of the erase operation.

On the contrary, the constant current erase method consists in keeping the gate
current constant during the whole erase operation. This is obtained by forcing a
constant current in the source node in such a way to maintain the electric field al-
ways constant. It is based on the observation that, given a certain electric field, the
ratio between gate and source current is constant. In fact, as clearly shown in Fig.
3.30, given a determined I and considering Eq. (3.40) and Eq. (3.41), E is fixed
and also I is known. The I /I ratio is independent of the bias conditions and de-
pends only on the electric field. Moreover, since the gate current is constant, the
threshold voltage shift of the cell, proportional to the integral of I, follows a lin-
ear time law, whose slope is a function of the chosen source current. The value of
the source current can be determined according to the defined erase time and
maximum electrical field, chosen according to reliability considerations.

In fact, the charge trapping/generation in the oxide is a strong function of the
charge flowing through it and the electric field. The higher the electric field, the
greater the oxide degradation. Hence, it is possible to control the erase time degra-
dation, which depends on the oxide damage, by controlling the maximum electric
field.

In(ler), b ma

In(lgate) losr
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" Igate

A

o

Vs-Ve [V]

Fig. 3.30. Erase speed defined through the design of the BBT and gate currents

Therefore, using this kind of approach, the threshold voltage variation is con-
stant with time, differently from all the other cases in which the variation is fast at
the beginning and slows down progressively. On the other hand, what happens if
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AV, is constant and two cells have different amount of charge? Is the distribution
of the erased cells similar to the distribution of the programmed cells?

The answer is negative since the cells tend to behave uniformly, i.e. those that
have less charge “wait” for those that are erased more quickly because they have
more charge at the beginning. The choice of the current determines the electric
field so that the erase speed is the same also in the case of different devices. The
source voltage will be tuned in order for the electric field to fulfill the design
value.

The main drawback is the precision with which erase is stopped. In the previ-
ous cases, the voltage step obtained though a constant pulse at the end of the eras-
ing diminishes and, hence, the precision of the final value of the threshold voltage
increases. In this case, instead, the variation of the threshold voltage is the same
during all the pulses and, thus, the error with respect to the desired threshold volt-
age is larger.

3.7.3 Erasing at Negative Gate and Triple-Well Array

The fabrication of the cell array in triple-well (Fig. 3.31) allows biasing the sub-
strate with positive voltage, eliminating the voltage drop responsible for the curva-
ture of the energy bands that causes the spurious band-to-band tunneling current.
This result has a fundamental importance for the present memories that work with
a single bias voltage that is smaller than the program and erase voltages. The high
voltages are generated by means of charge pumps (see Chap. 15) that typically
have a limited capability to source current. Increasing the available current means
increasing the size of the capacitors of the pumps, with evident repercussions on
the overall device area.
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Fig. 3.31. Memory array in triple-well. The array substrate (ip-well) is isolated from the
rest of the circuits by an n-well tub
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3.8 Erase Algorithm

After recognizing the code that the user communicates to the CUI'?, i.e. the inter-
nal memory controller, to erase a sector, the preconditioning operation starts, that
is all the cells are programmed. Such a preliminary operation is executed to guar-
antee uniform aging of the cell population so as to limit the width of the erase dis-
tribution. If we erased a sector containing cells with low V., such cells would be
over-erased and probable depleted to negative V., while decreasing the V., of the
programmed cells. Figure 3.32 illustrates the failure mode induced by a depleted
cell.

Il
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- I
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T J| =
1l F1
ROW
DECODER F2)
ROW ||
ADRESSES

DEPLETED CELL

10je1edwion

Sense Amplifier

Fig. 3.32. Effect of a depleted cell on the reading of a written cell belonging to the same
column. The current sunk by the depleted cell simulates, on the sense amplifier point of
view, the reading of an erased cell

The row decoder selects the written cell, F1, based on the address applied by
the user. This cell does not sink current even when V equals VDD. The sense
amplifier (see Chap. 12) recognizes the cell as written since the potential of node
MAT equals VDD. The presence of a depleted cell, F2, with threshold voltage

121t is the acronym for Command User Interface. It is a finite state machine used to decode
the commands the user applies to the memory.
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equal to -2 V, determines a current flow along the bit line. The potential of node
MAT decreases and the reading is not correct.

Let’s go back to the erase algorithm. At this point, we have a group of pro-
grammed cells with gaussian distribution of V.. During the actual electrical erase
phase, the source and gate voltages of the cells are forced to the proper values with
respect to the adopted erase technique (see previous section). The time counter
limits the erase pulse to the typical duration of 10 ms. At the end of the pulse, the
erase verify phase is carried out. Such an operation is performed through a mar-
gined read that guarantees the correct cell recognition in normal read mode.

The erase pulses continue until the correct verification of all the cells of the
sector has been completed. At this point it is necessary to verify that there are no
depleted cells that may induce errors during read. It is difficult to detect the de-
pleted cells since the presence of a cell with negative V. implies that the reading
of all the other cells belonging to the same columns is dominated by the current of
the depleted one. Therefore, a search algorithm is applied to verify the presence of
leakage current on the columns when all the rows are grounded. When a column
with such an anomaly is found, the first cell is addressed and a program pulse is
applied with low gate voltage, so as to slightly increase its V,, without overcoming
the limit used during the erase verify phase. Subsequently, the same algorithm is
applied to the second cell of the same column. If no current is drawn, it means that
the depleted cell was the previous one that was already recovered with the soft
programming pulse; otherwise a pulse is applied to the present cell and so forth,
until the end of the column. At the end of the column, the verify phase is repeated
and, in the case of presence of current, the procedure is repeated with increased
gate voltage, since it means that the program pulse applied to all the cells of the
column was not sufficient to recover the depleted cells.

In order to simplify the algorithm controlled by the internal finite state ma-
chine, the gate voltage is used as a parameter, whereas the drain voltage is kept to
the value used during the normal program phase and the same holds for the pulse
duration. As we will see in Chap. 14, the gate voltage control limits the maximum
threshold voltage step for a fixed time duration of the pulse.

The erase procedure has also an important feature called erase suspend that al-
lows the user to suspend the erase operation for an indefinite time, storing the cur-
rent state of the procedure, so as to be able to restart after a proper command
called erase resume. Such a feature allows the external microprocessor to access a
sector of the array to retrieve data, apart from the one that is undergoing erase. In
this way, the penalization due to the long erase duration (around 1 s) can be par-
tially overcome.
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5 Fundamental Circuit Blocks

5.1 Introduction

The first step towards design consists of the study of the most used circuit blocks,
from the inverter to boost concepts. A deep analysis of these circuits allows their
assembly to get to the desired results. The main circuit blocks are shown always
paying attention to the understanding of their functionality. The suggestion is to
re-design every circuit to understand the connections between the various ele-
ments. If you have a simulator, don’t try to understand the behavior of the circuit
by simulating it; analyze it on paper and then verify your understanding with
simulation.

5.2 NMOS and CMOS Inverters

The main structure for logic design is the inverter, which is also the fundamental
block to understand the operation of both analog and logic circuits. The easiest us-
age of a transistor is shown in Fig. 5.1.

VDD

ouT

Fig. 5.1. Inverter with a resistive load

We know that by modulating the voltage of the input signal we obtain a voltage
swing of the output node that can be much bigger than the one on the input. We
call this phenomenon ‘“amplification”. An amplifier is a circuit that exploits an
impedance variation of a device, M1 in this case, to vary the resistive ratio on the
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82 5 Fundamental Circuit Blocks

output. By modulating the channel resistance of M1 we “decide” how much cur-
rent it can sink and consequently the voltage drop on the load R.

If we consider only the extremes of the range of the input signal V,, VDD and
ground, we obtain a logic inverter. When V is GND, LVS-type transistor M1 is
turned off: no current flows and the voltage of the output V, is equal to the sup-
ply voltage VDD. On the other hand when V is VDD, M1 transistor is turned on
and V, is near to ground. We cannot say that V. is GND, in this case, because
it depends on the partition ratio between the load R and the equivalent resistance
of M1.

Output characteristic of M1 transistor are shown in Fig. 5.2. Let’s now consider
the load line: the value of the short-circuit current (V. = 0 V) is equal to I, =
VDD/R while the open-circuit voltage (I = 0) is V., = VDD. The possible work-
ing points for our circuit are given by the intersections of the characteristics of M1
with the load line. We can see for instance that the minimum value of V_, is not
ground, but V., under the assumption that V  is equal to VDD.

ouT

Ios [pA] A

lo=VDD/R
Vesb

Ves4

Ves3

Ves2

Ves1

Vas0

; | -
i | >
Vosn vDD Vos, VOUT[V]

Fig. 5.2. Load line where some working points are shown (V
Viss)

GS5

< VGSI < VGSZ < V053 < VGS4 <

GS0

Problem 5.1: An interesting exercise to carry out is the calculation of the value to assign to
resistance R to be able to satisfy “reasonable” design criteria, for instance charging 1 pF in
2 ns with an associated consumption of few microAmpere. The discussion of the problem
shows how inefficient is the use of a resistor to implement an integrated inverter, while it is
normal to do it on a board.

The oldest integrated technology, NMOS!, has solved this issue by replacing
the passive load with an active one. A depletion NMOS transistor, i.e. a MOS
whose channel is always present even if V g is zero (thanks to the negative thresh-
old voltage) can be used as active load. Figure 5.3 shows the scheme of a NMOS

! This technology allows the usage of n-channel MOS transistors only.
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5.2 NMOS and CMOS Inverters 83

inverter where the M2 transistor is diode-connected and has replaced resistor R of
Fig. 5.1.

VDD

out

Fig. 5.3. NMOS Inverter

The first remark to do is the comparison between the load characteristics of R
and M2 (Fig. 5.4). Characteristic of M2 is not linear: for high V  values the cur-
rent sunk by M1 is high and M2 has V=0V (above V), well turned on and
able to provide the required current. The important consequence is that the V  of
M2 is always zero, while its V| is VDD -V .

If the threshold of M2 is V. .. =-3.5V, then:

B Vs> Vs - Voo, is the saturation condition
B V<V - Vi is the linear zone condition.

Assuming a supply voltage of 5 V and being V=0 and V(= VDD - V_ , satura-
tion zone extends between V,, =0Vito V  =15V.

Characteristic with resistive load R
...................... Characteristic with active load M2

bs[wA] A

.......... o Ves5

AN Vesd

Ves3

Ves2

Ves1

Ves0

Vosm VvDD

-
o

Vos, VOUT[V]

&

Fig. 5.4. Comparison between the characteristic of active and passive load
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84 5 Fundamental Circuit Blocks

The advantage with respect to the behavior of the passive resistive load R is
given by the fact that in the saturation region M2 can be compared to an ideal cur-
rent generator, while in linear zone it behaves like a resistor. The overall effect is
that it is able to provide a higher current with much smaller dimensions.

The commutation of a capacitive load is very important and it is always present
in MOS devices. In Fig. 5.5 we study the commutation of the inverter composed
of M1 and M2 with a capacitive load C connected to the output. Let the initial
state be V=0V and V,, = VDD. The capacitor C is completely charged and it
must be discharged through M1. To achieve a fast discharge of C, M1 should be
big; to be able to charge C, by turning off M1, in a short time, we must have a big
current source, i.e. M2 must be big.

On the other hand, if M2 is too big we are no longer able to discharge C, be-
cause if V is VDD and we want V. voltage near to ground, M2 must be able to
provide less current that the one that M1 can sink. Otherwise the two transistors
get to a “ratio” condition and the output node is set to a voltage value proportional
to the partition of their conductances.

VDD

’—_{[ szouT
L{["n\m—:l: c

Fig. 5.5. NMOS inverter with output capacitive load

Figure 5.6 shows the equivalent circuit for the inverter of Fig. 5.5. Recalling

that the equivalent resistance R seen by looking into the source of M2 is equal to
1 1

R, = = 5.1

Emb2 T 8as2 &mb2

we can obtain the voltage gain of the amplifier stage

Vour __ &m . _ \/(KJ (Aj (5.2

Vin Emb2 L)yy \W )y
Let’s recall that the dimensions of M1 and M2 are the only parameters that the
designer can set: for instance, for a 2 um process, size of M1 can be 10 um/2 pm
while size of M2 can be 4 um/8 um. Transistor M2 is resistive; the mean current

provided by a transistor of this kind is 200+-300 pA/O, therefore M2 can provide
100+150 pA. Our inverter has not been designed to drive big capacitances.
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VOUT

Vin () 9,1 Vin 119, C) oz Vour § 1194,

Fig. 5.6. Simplified equivalent circuit for the NMOS inverter

Maybe it is better to specify what we mean by big capacitances. The capacitan-
ces seen by the integrated circuit towards the external are comprised between
30 pF and 100 pF. Internally, biggest capacitances are given by ground and supply
nodes, and they can be as high as some tens of nanoFarad. The capacitive value
for a gate is in the order of some tens of femtoFarad. An internal node can have a
maximum capacitance of some picoFarad. Our inverter can therefore charge in
1 ns:

At 150-10°4-107s (5.3)

C=1——= =30
AV b4 7

that is a gate of some tens of square microns (very small indeed!).

The next step is to move to the CMOS inverter.

The main issue with the NMOS inverter is the current consumption in DC:
when V is equal to VDD, both transistors are tuned on and a current is flowing
from power supply to ground. If “complementary” p-channel devices are used, the
current consumption in DC is no longer present. Figure 5.7 shows the schematic
of the CMOS inverter.

VDD

Fig. 5.7. CMOS inverter

The two gates are connected to the same input signal V , drain junction of M1
and source junction of M2 are short-circuited to provide the output. When V  is at
ground, M2 is completely turned on, while M1 is turned off and V, is at VDD.
On the other hand, if V, is at VDD, M2 is turned off, M1 is turned on and V,
at ground. Contrary to the case of the NMOS inverter, V

ouT 18

our always reaches power
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86 5 Fundamental Circuit Blocks

supplies. Current consumption occurs only during commutation when, owing to
the fact that V , moves in a finite time, both transistors are turned on. This current
is also known as crow-bar current.

Problem 5.2: The issue of power consumption is particularly critical for those inverters
that implement the output buffers. Design a CMOS inverter with the minimum possible
crow-bar current.

In order to discuss the CMOS inverter, it is necessary to recall that the mobility
of the holes is approximately 1/3 of the one of the electrons.
The expression for the current is:

W
Ips = pC,y ff (Vs -Vas-Vr) (5.4)

Assuming the same kind of oxide for both the transistors (hypothesis that is al-
ways true) a p-channel and a n-channel have the same current when:

(Kj _ A (Kj (5.5)
L )pyos  Hp \ L )yyos
A “balanced” inverter in a 0.8 um process requires, for instance,
w10y 30 (5.6)
L)y, 08\L),, 08
Vin,Vour [V] /
VDD |

VDD/2

10 13 20 23 t [ns]

Fig. 5.8. Commutation of the balanced CMOS inverter

The result with a capacitive load is shown in Fig. 5.8, where the intersection of
the input and output voltages is VDD/2. If we want to vary the crossing point of
the characteristics, we need to act on sizes. If we design M1 >> M2 it is much eas-
ier to pull V. to ground since M2 cannot provide much current and M1 is any-
way able to sink it all.
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In this case the crossing moves towards the lower end and it becomes lower
than VDD/2. If we design M2 >> M1, M1 is no longer able to sink all the current
that M2 provides, and therefore the V. node remains high for a longer time; the
crossing point moves towards values higher than VDD/2. Figure 5.9 illustrates this
effect.

Problem 5.3: A popular discussion among designer is whether a NMOS inverter has a
faster switching time than a CMOS: try to put an end to this argue!

ViVour [v]

Vour

VDD?

WIL), >> (3WIL),

(WIL), = (3WIL).
VDD/2 -

(WIL), << (3WIL)»

Fig. 5.9. CMOS inverter with different triggering points

5.3 The Cascode

The advantage of cascode configuration is the reduction of the effect given by
Miller amplification of the coupling capacitance between the input and the output
signal through, for instance, the gate/drain capacitance. Figure 5.10 shows the cir-
cuit where the parasitic capacitance between gate and drain is depicted?.

VDD
RL

vV
iw

Fig. 5.10. Parasitic capacitance C_;is amplified by the Miller effect

out

—————

;

2 Remember that between two nodes a parasitic capacitance is always present.
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ouT

[|
. R
* I

10 Dev 2.

L

Fig. 5.11. Equivalent circuit for the inverter in Fig. 5.10

By substituting the transistor with its equivalent circuit, we get to Fig. 5.11, for
which we can write that:

I=5Cgp (VIN - VOUT) (5.7)

Disregarding the feedback contribution given by the current in C_,, we obtain,
for the output voltage:

Vour =—&nRViv (5.3)
and therefore:
(VIN +8uRVin )SCGD =1 (5.9
Viv(1+ g, R J5Cop =1 (5.10)
V 1
Zpyy = (5.11)

1 (1+ngL)SCGD

It is as if we had a capacitance equal to C (1+g R,). If we assume that the gain
of the inverter is in the order of several tens, it is easy to figure out how, thanks to
Miller amplification, the small gate/drain coupling capacitance can be not so easy
to drive for the previous stage. Coupling capacitance between input and output
causes a decrease in the input impedance of the circuit, degrading its frequency re-
sponse; to mitigate this effect, the configuration shown in Fig. 5.12 can be used.

By interposing M2 transistor, biased with a constant gate voltage, the input ca-
pacitance is decoupled from the output node. Let’s evaluate the input impedance
using the equivalent circuit shown in Fig. 5.13:

I=5Csp(Viy =Vy) (5.12)
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VDD

Fig. 5.12. Inverter with cascode stage

10

Fig. 5.13. Equivalent circuit for the inverter with cascode stage of Fig. 5.12

Disregarding the output resistances of the transistor, we can write that

EmViv =—8mVx (5.13)

Vour = 8&mVx Ry (5.14)

By combining the last two equations together we get

Vi 1

Zyy = T =
8ml

[1 . jc
8m2
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In case g, << g,,we have Z, ~ 1/(sC_;). Even if M1 and M2 had similar sizes,
Miller amplification factor is a small number, and feedback effect has been elimi-
nated. We can also derive the expression for the voltage gains A, and A

Vour
Aour = =-guR, (5.16)
Vin
Ay =Tx __&m (5.17)
Vin &m2

A, gain must be low to reduce Miller effect, while A,
is the real gain of the stage.

Figure 5.14 shows a NMOS cascoded configuration where the load resistor has
been replaced by an active load (M3). Same considerations as above apply, con-
sidering the output resistance of M3 instead of R, .

our Must be high because it

\ilzD jED
Tor—dl ™,
—L".

BIAS M2

—]M1
L

Fig. 5.14. Cascoded stage with active load

5.4 Differential Stage

In this section the fundamental concepts of one of the most important and widely
used circuital configurations, the differential stage, are presented. Figure 5.15
shows the principle scheme of a NMOS differential amplifier. The two loads, M3
and M4, are considered to be equal, as well as M1 and M2; I is an ideal current
generator. This circuit provides a difference of the output voltages (V,, — V) that
is greater than the difference of the input voltages (V,, — V,)), thus implementing
an amplifier.

It is better to recall now what we mean when we talk of differential and com-
mon mode gain, the two main parameters that are used to evaluate how good is a
differential amplifier.
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5.4 Differential Stage 91

It is clear that we would like to have the output difference as a sole function of
the input difference, and therefore, independent of the value of the VDD, or of the
possible “fluctuations” on the ground, or of the size of the load, or also of the I,
current. Instead, the gain depends on the working point of the circuit; for instance,
if supply voltage varies so much that M1 and M2 are outside saturation zone, we
cannot expect the gain of the differential stage to remain unchanged. Even if sup-
ply had a little variation, thus keeping both M1 and M2 in saturation zone, because
of the well-known modulation effect of I current as a function of V, the work-
ing point of the input transistor changes, and so does the gain.

DS?

VDD VDD
M3 M4
V01 V02

Vi M1 M2 Ve
Vi

Fig. 5.15. Principle scheme for the NMOS differential stage

Let’s now assume that V, and V, have a variation of V /2, equal as absolute
value but with opposite sign. Then

Since the circuit is completely symmetrical, voltage V, cannot vary and the dif-
ferential stage can be re-drawn as shown in Fig. 5.16, where the current generator
I, is replaced by a short circuit to ground. Now we can calculate the differential
gain A,

4, =Vod __ 8m (5.19)
V[ Emb3

Therefore, to have a high differential gain, M1 must be bigger than M3. It is
worth noting that the current generator I, has no influence on the value of the dif-
ferential gain.

Let’s now analyze the common mode, as in Fig. 5.17, where two possible
working points for the differential amplifier of Fig. 5.15 are shown. Biasing 1 and
2 are the values in DC of the inputs V,, and V_; we would like to have the same
output voltage in both cases having equal voltage differences on the input.
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VDD

- ‘
‘

,,,,,,,,,,,,,,, Biasing 1

Maximum inputs dynamic

Dynamic

.

Biasing 2

-

s
Fig. 5.17. Different working points for the differential stage

The contribution of the biasing is defined as “common mode” because it
equally affects both sides of the differential stage. Let’s assume to increase the in-
put voltages V, and V,, of the same quantity V, (Fig. 5.18): V_ and V , would tend
to decrease, but thanks to the current generator I, V, voltage increases preventing
the decrease of both V_ and V.

If the current generator were not present, we would not have any kind of feed-
back, and the output nodes would change their voltage even if the inputs were
short-circuited! Therefore if I, is an ideal generator, the common mode gain will
be zero because no variation occurs on the outputs when the inputs vary.

A (5.20)
AV,

The equivalent circuit for the calculation of the common mode gain A_, is
shown in Fig. 5.19, where R is the impedance of I in the real case. If we assume
the perfect symmetry of the circuit also in this case, it is possible to analyze just
one half of the circuit, provided that we divide the resistance R into two parallel
resistors whose value is twice the original one.
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Vi = el =72) 2R 21
=Q_ gml/gmb3 (5.22)
o Vic 1+gm12RG

As we have previously said, the common mode gain decreases as resistance R
increases.

VDD VDD
M3 M4
V01 VoZ
T Ve l la1 lo2 l Ve T
Vx
M1 M2

Fig. 5.18. Common mode

[ L

§ 1/gmb3
o (Vie - W)

§ 2R,

Fig. 5.19. Simplified configuration for the calculation of the common mode gain A
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94 5 Fundamental Circuit Blocks

An important figure of merit is the Common Mode Rejection Ratio (CMRR),
ratio between the differential mode gain and the common mode one. A good dif-
ferential amplifier must therefore have a high CMRR.

In the following, we will also see the use of differentials as comparators.

Problem 5.4: Analyze the differences between PMOS-input and NMOS-input differential
stages.

5.5 The Source Follower:

A voltage buffer is a circuit that is able to transfer the voltage signal on its input
directly to the output independently of the applied load. One of the most widely
used schemes is shown in Fig. 5.20: it is a feedback circuit based on the concept of
virtual ground. In this case V. voltage remains equal to V by exploiting the
feedback between nodes V,, and V.. When the circuit is powered up, V, is at
ground, therefore only M1 is turned on and V, is at VDD. M3 is turned on and it
starts flowing current on the load R, and to cause V, to increase, which turns on
M2, making V,, decrease, which limits the current of M3 reducing V. This
“loop” goes on until the differential stage has reached its point of equilibrium, i.e.
the currents flowing in the two resistors R are equal to 1. /2.

Generally the gain stages (for instance the inverter with active load) have out-
put impedance that is too high to drive low resistive or large capacitive loads. In
these cases it is necessary to add an output stage that is able to transfer the signal
with low impedance. The simplest structure to achieve this result is the source fol-
lower that, unlike the structure shown in Fig. 5.20, is also a level shifter. The cir-
cuital implementation is shown in Fig. 5.21 where the output is taken on the
source terminal onto which the load R, is applied.

VDD VDD
VDD
R R
Vo, Vos I [ M3
VOUT

=<
=
<
N

Fig. 5.20. The concept of virtual ground: V. “follows” the value of V  thanks to the nega-
tive feedback that is present in the loop shown.

3 When dealing with bipolars, it is called emitter follower.
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VDD

IN M1

ouT
RL

Fig. 5.21. Source follower

Figure 5.22 is the equivalent circuit for Fig. 5.21, where the voltage gain, ne-
glecting the parasitic capacitances, is equal to

Vour _ Eml (5.23)

Vin gml+gmbl+gdsl+(l/RL)

Assuming that M1 is in saturation zone, that R is big enough to neglect the term
that contains it and that the body effect is negligible, we get a unit gain, i.e. the in-
put is equal to the output.

If we replace the load resistance R, with an active load, as shown in Fig. 5.23,
and we call r, and C the total resistance and the total capacitance between the
output and ground, we obtain a gain equal to:

Vour _ $Cos + &m (5.24)
Vin S(Cgs+C0)+gm1+gmb1+gdsl+(1/r0)

The gain in DC always tends to one, while in frequency we have a zero and a
pole; if the zero is compensated with the pole, the bandwidth can become very
large.

() Gt (Vv = Vour) () ~Qrmb1 Vour 1g,,

RL

ouT

AWy

Fig. 5.22. Equivalent circuit for the source follower
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G .
€1
vy . cr % () G (Vi = Vour) () GreVoun %wg“‘ ?v

VB\AS CQ f ro

out

Fig. 5.23. Source follower with active load and corresponding equivalent circuit

5.6 Voltage References

The simplest implementation of a voltage reference is shown in Fig. 5.24. The par-
tition constituted by R1 and R2 allows the generation of an output voltage that is a
fraction of the supply voltage VDD.

VDD

R1
ouT

R2

ENABLE M1

Fig. 5.24. Voltage reference based on the partition of the supply voltage

If the equivalent resistance of M1 is not taken into account, the voltage at the
node OUT is equal to
R2
Vour =VDD ———— (5.25)
our R1+R2
Transistor M1 is used to avoid consumption when the partition circuit is not ac-
tive.
V,ur Voltage does not depend neither on the temperature nor on the process, un-
der the assumption that the resistors are fabricated using the same layer. Depend-
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5.6 Voltage References 97

ence on supply voltage still occurs, and we will discuss this issue later. We have
now to choose which of the available layers can be used to realize the resistors.
Resistivity of poly?2 is too low due to the presence of silicide, so resistances that
cause low power consumption cannot be fabricated with poly2.* The consumption
of the partition circuit is in fact
VDD

[=— 5.26
R1+R2 ( )

If VDD is equal to 5 V and the target consumption is 10 pA, the value of the re-
sistance must be 5 MQ. To get such a value using poly2, it is necessary to use very
long stripes that occupy too much space. Similar considerations apply to active
area, whose value of resistance is anyway an order of magnitude higher than the
one of poly2. Therefore n-well is the remaining choice, whose resistivity is three
orders of magnitude higher than the one of poly2. We have already seen how to
realize a resistor in n-well and the associated depletion issue. Resistive partition
circuits are used anyway thanks to their simple implementation whenever preci-
sion is not a key factor, and stabilizing, if necessary, their supply voltage.

Let’s now analyze some voltage references implemented using active devices.

5.6.1 NMOS

Figure 5.25 shows a reference circuit realized using n-channel transistors; this im-
plementation is stable with respect to variations of the supply voltage. If M1
works in saturation region (high V) a variation of VDD moves the working point
of M1, onto the characteristic V, = 0, causing M1 to remain in saturation region.
Figure 5.26 shows the graph of both VDD and the output node V. for which we
can write that

Vier = V72 J—F|VT,1\/11|'\/,31 ! B2 (5.27)
VDD
M1
Veer
M2

Fig. 5.25. Voltage reference stable with respect to VDD variations

4 Recall that the overall consumption in read mode for a Flash memory device is in the or-
der of tens of mA.
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It is possible to increase the stability interval for V.. by modifying the circuit
as shown in Fig. 5.27. Let’s observe that the stability range for the circuit depicted
in Fig. 5.25, that is between 3.5 V and 5 V, is due to the fact that for low VDD the
value of the V. node can only decrease, while in the circuit of Fig. 5.27 M4 tran-
sistor with its gate to VDD tends to push V., upwards for low values of VDD be-
cause less current flows across M4.

When VDD is stable, the effect of M4 becomes negligible and the circuit be-
haves like the one in Fig. 5.25. Transistor M3 acts as an auxiliary current genera-
tor when, being VDD low, M1 is not able to provide all the required current to
M4. In this way the value of V.. only depends on the ratio between M1 and M2,
while the stability range is regulated by means of M3 and M4.

VDD, Veer VI

VDD

Vrer

-

t [ns]

Fig. 5.26. Stability of V. voltage (Fig. 5.25) for VDD between 3.5 V and 5 V

VDD VDD VDD
M3 ] M1

« Vker
M2

Fig. 5.27. Circuit to increase the stability interval of V. voltage (Fig. 5.25)
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Another voltage reference circuit that can be realized using NMOS transistors
only is shown in Fig. 5.28.

Assuming that both the transistors are working in saturation region, we can
write that

BV rer =Vean))® = Ba Vi (5.28)
and therefore
Veer = Vran Ve B/ B (5.29)
VDD
M1
VREF
M2

Fig. 5.28. Depletion NMOS voltage reference circuit

We must consider the smallest among the two V. values, because the maxi-
mum possible V. is equal to -V, (the threshold voltage for a depletion NMOS
is negative); for higher voltages, M1 is turned off. The threshold voltages for both
M1 and M2 are explicitly shown because the body effect must be taken into ac-
count for M1.

VDD VDD
VDD
M7
M1 Ve
M8

Fig. 5.29. Generator for V, reference voltage
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Another NMOS reference is shown in Fig. 5.29. Transistors M1 and M2 set the
required voltage around the threshold of M1; M3 is a protection that limits V,
voltage to the V, of M3, obviously V., > V.. Transistors M4, M5 e M6 consti-
tute a feedback control stage that is able to stabilize the output node V,. If the
voltage of V, increases, the voltage of node A tends to decrease, cutting off M6
that will bring the voltages of nodes A and B back to the fixed values, i.e. 2V
for the node B. Capacitor C acts as a filter, to absorb the current peaks that might
occur when the device is switched on; finally, M7 and M8 act as auxiliary current
generators for the output node.

5.6.2 CMOS

Let’s now analyze some voltage references realized using CMOS transistors. The
basic principles are the same previously described, with the additional advantage
that p-channel transistors can be used and therefore the contribution of the body
effect can be eliminated, since in every CMOS technology the substrate of the
PMOS transistors can be independently biased. Figure 5.30 shows an implementa-
tion where the VDD is partitioned using two p-channel transistors: in case M1 and
M2 have the same size, V ,,, output voltage is equal to VDD/2.

VDD

_d M1
VOUT
_d M2

Fig. 5.30. PMOS voltage reference where the contribution of the body effect has been
eliminated

5.6.3 Self-Biased Generator

Figure 5.31 shows a self-biased circuit that is more complex than those studied be-
fore; it is made of two current mirrors, one towards VDD, realized with a pair of
equally-sized PMOS transistors, ant the other towards ground with a degeneration
resistance. PMOS mirror forces the same current in the right and in the left branch.
M3 and M4 transistors have a different size ratio where B, > f3,: since they must
sink an equal drain current, their V must be different. All the transistors must
work in saturation region to ensure the desired behavior of the circuit.

Transistor M4 is for sure in saturation, since it is diode-connected and V
equal to

GS4 18
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Visa =Vrn +1rer ! Ba (5.30)

mzw;]{:K (5.31)
2L, L

Neglecting the body effect on M3, we can calculate the current I from the volt-
age drop on resistance R

V, -V, 1
I rer :%:E(\/IREF/ﬂ4 _\/IREF/ﬂg) (5.32)

The equation has two possible solutions

2¥ 1

Cox xunRz

Ippr =051 g = (5.33)
where

wol, L2 534

Ky K, KK,

VDD VDD

Fig. 5.31. Self-biased generator

y factor just depends on geometric parameters. The solution where the current
is not zero (the only one to take into account) is inversely proportional to two
terms that depend on temperature. Since mobility increases when temperature de-
creases, and the resistance behaves the opposite, the two variations can be partially
compensated to reduce the variation range of the current I, with temperature.
Generally, the best compensation is achieved by realizing the resistance in active
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area; using this layer is not always possible because of the associated large area
occupation, above all when consumption of few microamperes are required. There
is no dependence of the I current with the supply voltage VDD.

Transistor M5 provides the required start-up to the circuit, keeping the p-
channel turned on for some tens of nanoseconds. In this way the current forced in
M1 lets a current flow in M2 that biases M4; this one turns on M3 and at this mo-
ment the STUP signal is turned off.

M3 and M4 transistors can also be of different type (for instance M3 natural an
M4 LVY); in this case it is not used the overdrive difference between M3 and M4,
but their V, difference is exploited, which is applied at the terminals of resistance
R.

The switching on of this circuit is quite slow as is for all the feedback circuits
(in the order of 100 ns in this case) because the settling of V, to its equilibrium
value causes a series of variations in the currents of all the transistors. To decrease
the switching on transient, it is possible to “help” the nodes to get to their equilib-
rium value; capacitance C is added, which represents a short-circuit towards
ground at power on, thus eliminating the contribution of the resistance, which in
turn is the element with the most significant inertia in the power-on chain.

Problem 5.5: Add the elements that allow switching off the circuit in such a way that it
does not provide current contributions during stand-by phase.

5.6.4 Band-Gap Reference

The last voltage reference that we are going to discuss is the band-gap reference,
whose main feature is to produce an output voltage that is stable with respect to
both VDD and temperature variations. This circuit is widely used in the latest gen-
eration of non-volatile memory devices, to control the voltages during program
and erase operations. First generation EPROM memories, ancestors of the Flash,
allowed for instance a variation of the drain voltage around its typical value of
some hundreds of millivolt. Nowadays the size of the cells asks for an increased
precision for the voltages, above all for drain voltage during program and gate
voltage during verify operations. To carry out this requirement, the band-gap ref-
erence circuit is used. This circuit exploits the possibility of compensating tem-
perature variation of the V,, of a bipolar transistor with a voltage drop proportional
to the thermal potential V,

i
q

v, (5.35)

where k is Boltzmann’s constant, ¢ is the charge of the electron and T is the abso-
lute temperature.

V.. of a bipolar transistor decreases as the temperature increases, and this be-
havior can be linearized around a reference temperature, thus defining a first order
thermal coefficient
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v, = oT e (5.36)
Ver = Vo + 1y, (T —Tp) (5.37)

On the thermal potential, the following relation can be easily derived
7 :%:S:o.osswm (5.38)

Therefore the thermal potential is proportional to temperature, while the ther-
mal coefficient of V,, depends on the reference temperature that has been chosen
to calculate it.

Coefficient y of V, lies between — 1 mV/K and - 2 mV/K; therefore y of V,
and of V have opposite signs. Now a V,, voltage can be defined as follows

Ve =V +G -V, (5.39)

For which the corresponding thermal coefficient can be eliminated by choosing
a value of G such that

¢l

7y,

t

(5.40)

Such a compensation technique is extremely simplified and it is known as first
order because only the first order thermal coefficient of V, is compensated. There
are more precise techniques that can take into account non-linear terms too. Fur-
thermore a first order compensation is less precise as the target temperature range
increases.

A widely used band-gap reference circuit is shown in Fig. 5.32.

Assuming an ideal situation (infinite gain, no voltage offset, etc.), its input
voltages V" and V" are equal and therefore the voltage at the terminals of R3 resis-
tor can be written as

Il
Vs =Vago =V =V, -In—C050 (5.41)
ciis0

Ico=1g GXP[ V;E j (5.42)

t

I, and I, are the collector currents of the bipolar transistors Q0 and Q1, while I
and I, are the corresponding currents of reverse-biasing of the base-emitter junc-
tion that depend on physical and geometrical parameters (it is reasonable to as-
sume that these parameters are the same for both bipolar transistors) according to
the following equation

SK hynix Ex. 1009, Page 77 of 199



104 5 Fundamental Circuit Blocks

O

Vv
+
VBG
comparator ——
V’ -
R3
4
Q1 Qo0
Fig. 5.32. Schematic of the band-gap reference circuit
qD I’lz qD I’l2 (5.43)
I === Ao 51 = =4 ’
WgN 4 WgN 4

where

e A, and A, are the emitter areas for the transistors QO and Q1;
n, is the carrier intrinsic concentration in the semiconductor;
W, is the base width;

D, is the diffusion constant for the electrons;

N, is the base doping concentration.

Always assuming ideal operation, it can be noted that the voltage drop on R1 and
R2 is the same and therefore we can write that

I,-R1=1,-R2 (5.44)

1 1
I =To |1+ — [ 1, =T 1+ — (5.45)
1 Cl( ﬂJ 2 CO( ﬂJ

where is the current gain of the bipolar transistors.

Therefore by substituting Eqs. (5.43), (5.44) and (5.45) in Eq. (5.41), the latter
can be re-written as a function of resistors R1 and R2 and of the area of the bipo-
lars

RI1- 4,

Ves =V, In (5.46)
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Now, keeping in mind Eq. (5.44), it is possible to determine reference voltage
\%

BG

4
Ve =Vapo + R2-1, =Vpeo +Rl-% (5.47)

By substituting Eq. (5.46) in Eq. (5.47) we get

Rl1, RI-A
Ve =Vpo +V, —In——L (5.48)
BG BEO TV s R2- 4
from which coefficient G can be derived
=K, R4 (5.49)
R3  R2-4,

In order to achieve a proper dimensioning of the circuit, the first order thermal
coefficient of V,; must be given and then the value of G must be calculated using
Eq. (5.40). Furthermore, design parameters R1, R2, R3, A and A, must be chosen
accordingly to get the desired value of G. There is not a unique possible set of
these parameters, and the choice also depends on target performances like con-
sumption, turn-on time of the circuit etc.

It is worth pointing out that coefficient G is in first approximation independent
of the temperature, because we only have resistive ratios (on top of the area ratio).
In fact it is possible to model the relationship between temperature and resistance
using the following equation

Ri(T)=R,(Ty ) [1+ (7)-(T - T, )] (5.50)

Therefore considering two resistances with the same thermal coefficient , the
term inside the parentheses can be simplified and a constant ratio is achieved. The
remaining issue is the non-linear behavior of the resistance with applied voltage
variation; in these cases, simulations are needed to determine the right value for
the resistances.

A last consideration can be done on the need for a start-up circuit. In fact, con-
dition V,,= V"=V =0 is a possible, but unstable, working point where the cir-
cuit could be stuck, or anyway from which it could recover very slowly. Therefore
an adequate start-up has a twofold aim: avoid that the circuit remains turned off
and allow for a faster settling of the reference voltage.

Problem 5.6: Design the start-up circuit. Suggestion: put the operational out of balance
adequately for a short period of time starting from a proper enable signal for the band-gap
reference.

An example graph of the relationship of V,, voltage with temperature is shown
in Fig. 5.33: it is the result of a simulation of a band-gap circuit designed in
0.15 um technology. It is usually possible to have one or more non-volatile regis-
ters inside the device that allow changing factor G acting on the resistive partition-
ing of Fig. 5.32 without requiring a photomask change. The different curves in
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Fig. 5.33 refer to eight different values for the compensation factor G, assuming
that three configuration registers are available.

\%
1.36

110
1.34

101
1.32 100

1.3 111

1.28 011
1.26 010

001
1.24

000
1.22 1 1 1 1 1

-40 -20 0 20 40 60 80

Celsius

Fig. 5.33. Graphical representation of the band-gap voltage versus temperature and G com-
pensation factor variation

The resulting value for V,, is around 1.25 V. As we will see in the following,
voltage regulation is achieved by multiplying the reference voltage by a proper
coefficient. For instance, in order to generate 6 V, V. is multiplied by a factor
4.8. This operation has associated issues: variations of the reference voltage are
amplified by the regulator and they can cause significant variations around the
typical value of the output voltage. Even if V,, voltage varies of, say, ten millivolt
on the whole voltage and temperature range, the final result is that the variation of
the regulated voltage is 4.8 times the band-gap one, i.e. some tens of millivolt.
That’s why it is mandatory to have a very precise and stable V.

5.7 Current Mirrors

A widely used circuital configuration is the one known as current mirror. In the
following, we will often need to generate a current equal to the reference one, or
to a fraction of it, and the current mirror will let us achieve this result. Figure 5.34
shows a current mirror realized with NMOS transistors.

If we assume that M1 works in saturation zone, M1 current I, only depends
on its V. Therefore we can write the following equation:
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2
I rer = Py (VGS - VT,N) .51
Assuming that M2 is working in saturation zone too, we have
- _ 2 (5.52)
I'=p, (VGS VT,N)

Since M1 and M2 are both LVS and they have the same V_, then the ratio of

their currents is equal to the size ratio:

GS?

Trer _ Br (5.53)
1 B>

In case the size of M1 and M2 is the same, then current I is equal to reference

current I .

U
M1 }_0_{ M2

Fig. 5.34. NMOS current mirror

VDD

M1

mi

Fig. 5.35. PMOS current mirror

In a similar way it is possible to design a current mirror towards supply voltage
using two PMOS transistors (Fig. 5.35). Same considerations apply.

In order to evaluate the quality of a mirror as a current generator, it is necessary
to analyze its output impedance. In case of NMOS, the output impedance z,, based
on the small signal model, is equal to

SK hynix Ex. 1009, Page 81 of 199



108 5 Fundamental Circuit Blocks

Zo = Tgs2

(5.54)
ID5'2

If a big output impedance is required, then transistors with a long channel, and
therefore with little available current, must be used. A possible solution to incre-
ment the output resistance is shown in Fig. 5.36.

ouT
M3 ]}_0— M4 Oma Vgsa () Tds4

IREFl

-—

Vour
las2
M1 }_‘ M2
Fig. 5.36. Cascoded current mirror
Output impedance in this case is given by
v
zp =2 (5.55)
1
20 = rasa + Tasa 1+ matiasa) (5.56)

The drawback of this circuit when compared with the one in Fig. 5.34 is a nar-
rower swing for the output voltage. In fact, minimum V  is equal to:

Vourmin =Vasi *Vass —Vasa + Viar (5.57)

Recalling that the minimum voltage required between drain and source for satu-
ration can be written as

Viar =Vas = Vr (5.58)
we get
Vourmin =Vrn + 2V (5.59)
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In other words, output voltage can go below gate voltage of M4 of a maximum
of a threshold voltage (body effect included). It means that if the gate of M3 is at
about 2 V, V_ , cannot go below 1 V (or less, because of body effect).

ouT

M3 |__0__| M4
ml [

"L "

Fig. 5.37. Wilson current mirror

Problem 5.7: Discuss configuration of Fig. 5.37 comparing it with previous configurations.
Design mirrors of Figs. 5.36 and 5.37 using complementary PMOS mirrors and discuss the
difference with respect to the solution shown in Fig. 5.35.

5.8 NMOS and CMOS Schmitt Trigger

When we have analyzed the inverter, we have seen that it is possible to vary its
triggering point modifying the dimensional ratio of the transistors. The Schmitt
trigger is an inverter with two triggering points. In other words, this circuit has a
high-to-low transition of the output when the input goes above a certain voltage
V.. while the opposite transition is inhibited until the input does not go below a
voltage V.,,. In this way we have an inverter that is able to stabilize the switching
against rapid triggering by noise as it passes by triggering point.

Figure 5.38 represents the graph of a possible “asymmetric” transition, where
V| is the input signal and V, is the output one. The triggering points shown in
the figure, i.e. the intersection of the two curves, have different voltage values; the
difference between the triggering voltages is called hysteresis.

Let’s analyze first the CMOS circuit that is realized to obtain the characteristic
shown in Fig. 5.38, and then the NMOS one.
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vl
VOUT, Vin
. Vo
Vsa — 4
! ,, VIN
Vsb S ; _
! tTns]

Fig. 5.38. Inverter with asymmetric input-output characteristic

VDD
—J M4
e M6
1 | I
—O M3 O =
IN | 1 ouT
1
M2
1 VDD
ve [ T
1 M5
M1

Fig. 5.39. CMOS Schmitt Trigger

CMOS version of the Schmitt trigger is shown in Fig. 5.39: hysteresis is
achieved by means of the two complementary MOS, M6 and M5. When V, is at
ground, M3 and M4 are turned on and the output voltage is VDD. Transistor M5
is turned on and it forces V, to VDD — V.. (body effect included). Assuming a
supply voltage of 5V, V,=3.5 V. For sake of simplicity of the analysis, all and
only the transistors involved in this phase are depicted in Fig. 5.40.

When the input voltage goes above the threshold voltage of M1 (1 V), M1
starts to conduct while M2 is still turned off. Voltage V| starts to decrease because
of the partition between M1 and MS5. As V  keeps increasing, transistor M1 con-
tinues to make V, decrease until when M2 turns on. At this point the circuit starts
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to force V, to decrease towards ground. Triggering point of the Schmitt trigger is
about 3.5 V for this transition.

VDD
_d M4
X
— M3
V=0V Vo = 5V
D @
| VDD

V,=35V —1 T
M5

Fig. 5.40. CMOS Schmitt trigger: simplified circuit for the analysis of the biasing in case of
input voltage equal to ground

The Schmitt trigger, as well as the inverter seen in Sect. 5.2, belongs to the
family of the ratioed logics. Static characteristic, and therefore the value of the
hysteresis, can be analytically derived by solving the equation that shows the
equivalence of the currents of driver and load transistors getting V. as a function
of V..

Assuming that voltage V, is able to bias M1 in its saturation region, we can
calculate the triggering point for the high-low transition of the output.

Vin =Vy + V1 ma (5.60)
%(VIN ~Vran ) = %(VDD ~Vy —Vias) (5.61)
yo IYPDANBIBs Vi (5.62)

" 1+ \/ﬂ1 / Bs

Let’s now consider the case of input voltage equal to VDD (Fig. 5.41). Transis-
tors M1 and M2 are turned on and the output is low. Node X is floating and it is
forced by M6 to reach its own threshold voltage (1.5 V). When V, goes one
threshold voltage V., below VDD, M4 turns on and starts to compete with M6.
Owing to the progressive turning on of M4, the voltage of node X starts to in-
crease until a value that lets M3 to turn on causing the transition of the output
node towards VDD. In this case the triggering point of the circuit is about 1.5 V.
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M2

M1

Fig. 5.41. CMOS Schmitt Trigger: simplified circuit for the analysis of the biasing in case
of input voltage equal to VDD

The scheme of the Schmitt trigger realized using n-channel transistors only is
shown in Fig. 5.42.

VDD

M3

ouT [ M4

M2

M1

Fig. 5.42. NMOS Schmitt Trigger

Analyzing at Fig. 5.42, it is clear that in case V, is equal to zero, transistor
M4 is turned off; therefore the current of M4 is present only during one of the two
transitions. In particular, when V  increases, M1 and M2 conduce and, as soon as
V., goes above V., M4 is turned off. During the high-low transition of the IN
signal (Fig. 5.43), M4 turns on after M2 turns off and only when the voltage at the
mode OUT is higher than V_ (body effect included).

Problem 5.8: Calculate the value of the hysteresis for the circuits of Figs. 5.39 and 5.42.
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Another circuital scheme that can be used to get a hysteresis is shown in Fig.
5.44. It is based on two inverters that are connected in positive feedback loop.
INV1 is the driver of the circuit under investigation. Let’s assume that signal IN is
low: M1 and M4 are turned on while M2 and M3 are turned off. If M4 were not
present, low-high transition of the input voltage would immediately drive the out-
put to low; being M4 present and turned on, it follows that V, must increase more
than in the case of the driving of a normal inverter, in order to be able to push V
low enough (so that it can turn off M4). The drawback of this circuit is the con-
sumption of the driver.

M3

ouT [ M4

Fig. 5.43. NMOS: Schmitt trigger: simplified circuit for the analysis of the biasing in case
of high-low transition of the input signal

VDD VDD
INV1 M3 . M1
{>c IN ouT
'—
M4 M2

Fig. 5.44. Using a latch as an inverter with different triggering points
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5.9 Voltage Level Shifter Latch

Inside a Non-Volatile memory device different voltages are present, which are
used for program, erase, read, verify etc. It is therefore required to shift various
signals from the VDD/GND to the VPC/GND range, where VPC > VDD; the cir-
cuit used for this task is shown in Fig. 5.45a. VPC supply voltage can be either
VDD (for example 5 V) or 12 V, during the different operating modes, while the
inverter that drives M2 is always supplied at VDD. The voltage swing of the IN
signal is in the VDD/GND range. When M2 is turned on, the voltage of the output
node V. is ground, whereas it is VPC when M2 is turned off and M1 is on
thanks to the positive reaction due to M3 and M4 transistors. To decrease the volt-
ages applied to the transistors, thus increasing reliability of the whole structure,
the circuit depicted in Fig. 5.45a is modified as shown in Fig. 5.45b. Aim of M5
and M6 transistors is to reduce V ,on M1 and M2 transistors.

Positive reaction can be used to design negative level shifter as well, as shown
in Fig. 5.46. HVNEG value can be either GND or negative. M7 and M8 are
NMOS realized in the triple well to be able to transfer negative voltages. Power
supply for the inverter and for transistors M9 and M10 can be reduced to a value
lower than VDD to limit the voltage difference applied to both the junctions and
the oxides.

M3 [i M4
ouT

ouT

Fig. 5.45. Voltage Level Shifter Latch
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VDD

OUTNEG
{ VDD

M8

T HVNEG

Fig. 5.46. “Cascoded” solutions for the level shifter latch

5.10 Power On Reset Circuits

A problem shared by nearly all digital devices is their correct initialization (Resef)
as soon as supply voltage is applied, i.e. during Power On. A proper circuit to
generate the so-called Power On Reset (POR) is required, whose rationale is the
comparison between the ramp of the supply voltage and the value of a node inside
the circuit used as a reference. To achieve correct behavior, it is mandatory that
the voltage on this node reaches a stable value before the supply voltage.

In an NMOS device, having an active signal during the ramp of the supply volt-
age is not an issue, since power consumption during inactive phase of the POR
circuit itself can be disregarded. An example is shown in Fig. 5.47: the circuit is
composed of a positive reaction block, prototype of the set/reset latch, and by two
other blocks, comprised of M1 and M2 (which we already know and which acts as
a voltage reference) and of the series of M3, M4 and M5, whose sizes are chosen
in such a way that the node “6” is equal to the supply voltage minus a fixed offset.
The circuit is really simple; more complex versions can be designed in order to
improve switching speed, but the rationale is always the same. Figure 5.48 shows
the behavior of the main nodes; depending on the result of the comparison of the
input nodes, the latch changes its state or not.

State-of-the-art devices are very demanding as far as initialization of the cir-
cuitry is concerned. The POR circuit must be very fast, must work at low voltage,
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116 5 Fundamental Circuit Blocks

i.e. the threshold is set around 1.5 V, because such memories operate at a mini-
mum voltage of 1.8 V (and even less than that, in a near future) and therefore, at
this VDD value, the circuitry must already be initialized. A certain amount of hys-
teresis is required as well, because the security margin is greatly reduced by the
decrease of both the supply voltage and the POR triggering value.

VDD
VDD VDD VDD
M1 Iﬂ' 5
node 2
M5
M2
M3
= node 6
M4
= node 3 =
POR
Fig. 5.47. NMOS-based POR circuit
M §
POR
VDD
node 6
node 2
‘ ‘ node 3
| -
\ \ t [ns]

Fig. 5.48. Behavior of the nodes of the POR circuit of Fig. 5.47
Finally power consumption requirements account for a few microamperes, be-

cause the specification for power consumption in stand-by has become a top prior-
ity whenever the memory is used in a portable device.
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Let’s see a CMOS circuit that satisfies all these requirements.

In this case a comparator whose output, called INTPOR, directly influences the
POR signal by making the comparison between the two signals, the reference and
the supply follower. The scheme shown in Fig. 5.49 represents the main parts of
the system. The task of the block called VDDDIV is to produce an output voltage
with the same linear pattern of the VDD, but whose angular coefficient is scaled
by a factor m; this parameter is indeed a partition ratio, whose stability must be
guaranteed by the circuital implementation.

VDD
REF 1
Y 3 _— C
POR
comparator BUFFER
VDD B INTPOR
DIVIDER

Fig. 5.49. Block scheme of the usual Power On Reset circuit

The function of the capacitor C is to allow the coupling of the INTPOR signal
to the supply voltage during the ramp-up transient. The aim of the BUFFER is to
de-couple the dynamic behavior of the output signal, whose range is equal to the
entire VDD value, from the dynamic behavior of INTPOR, which can undergo a
smaller variation; this improves the speed of the circuit. The main issue of a POR
circuit realized as described above is consumption; in fact the scheme requires all
the circuits to remain in the active state, to be able to re-generate the POR signal
in case of a voltage drop, and this requires a non-zero current. Such a behavior is
not acceptable in low-power devices, such as the single-supply memories, where a
stand-by current virtually equal to zero is specified. To overcome this problem, the
following requirements must be met:

1. Specific enable inputs must be introduced, so that several parts of the circuit
can be switched off as soon as the POR signal has been generated;

2. The system must be able to autonomously exit the OFF state in case of unex-
pected supply voltage drop.

The main modifications required to achieve a zero-consumption condition are
shown in Fig. 5.50. The schematics that follow depict the circuit implementation
of the single blocks discussed before.

Aim of the scheme depicted in Fig. 5.51 is to provide a voltage level, tapped at
the Y node, which is stable enough with respect to the possible variations in tem-
perature, process parameters and supply voltage.
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REF _J:_

comparator

POR

BUFFER

VDD INTPOR

DIVIDER

Fig. 5.50. Modified scheme of the POR to eliminate power consumption

b-

— I
MLEP%

R3

HHH —h —

Fig. 5.51. Reference voltage generator

The circuit that partitions the VDD is realized using a resistive partition (Fig.
5.52); the two inverters are used to short-circuit the two resistors R1 and R2 to
ground when the Y signal is low.

In Fig. 5.53 the circuit that compares the partition of the VDD and the reference
value at the Y node is shown: the implementation is based on a differential stage
whose output is suitably amplified by the two inverters 12 and I3 that can be
brought to a zero-consumption stage by M3 as soon as the steady state has been
reached.
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VDD

Fig. 5.52. VDD voltage divider

VDD VDD

VDD

1

INTPOR

Fig. 5.53. The comparator

5.11 Analog Switch

The title indicates that the following text discusses the usage of the MOS transis-
tor as a pass transistor (Fig. 5.54), and also the issues related to the coupling be-
tween gate, source and drain, which becomes evident in high frequency.

These subjects are dealt with in many books, so we would like to discuss the
usage of the transistors as a switch in DC conditions by means of an example.

Dual voltage Non-Volatile memories (Flash and EPROM) have two pins for
two different power supplies: one is the usual VDD, the other, known as VPP,
must be present when the device is either programmed or erased. In any other
condition it can be assigned any value between zero and a maximum as stated in
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the specification. The problem is that the two supplies must converge inside the
device to a common node, as the supply for some circuits (Fig. 5.55).

out

IN
» »
>

o

Fig. 5.54. MOS transistor used as a switch or pass transistor

VDD I VPP I

VDD ENABLE VPP ENABLE
—_— -

VPC

Fig. 5.55. The ideal VDD, VPP switch

vDD VPP

ENABLE1 M1 M2 ENABLE2
VPC

Fig. 5.56. Analog switch realized using NMOS transistors

This task would be easy if relay switches were integrated in silicon, which is
not the case: therefore MOSFET must be used. In case of an NMOS process, n-
channel transistors are the only choice (Fig. 5.56). In case M1 is on and M2 is off,
VPC node cannot reach a value higher than power supply minus the threshold of
the transistor (body effect included). In this way it does not work properly, there-
fore a circuit to boost the gates of M1 and M2 is needed; the section on the boot-
strap describes how to achieve both VDD and VPP levels on the VPC node. In the
case where p-channel transistors are available, a configuration as shown in Fig.
5.57 can be used. The question is: which is the right connection for the substrates
of M1 and M2?
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Remember that the PMOS transistor is inside a n-well and that both the source
and drain junctions are of type p*; to avoid forward biasing of the diode towards
the substrate, the potential of the latter must always be the highest voltage present.

VDD VPP

ENABLE1 O M1 M2 o ENABLE2
VPC

Fig. 5.57. Analog switch realized using PMOS transistors

VDD VPP
M1 M2
ENABLET - F ENABLE2
Z& D1
L VPC

Fig. 5.58. The problem of forward biasing of the junctions in a PMOS switch

ENABLE1 ‘ : C ‘ ENABLE2

Fig. 5.59. A first attempt to isolate the n-wells of the PMOS

vbD VPP

Suppose the substrates is connected as shown in Fig. 5.58: if VPC is equal to
VDD, everything works fine; if VPC is equal to VPP, D1 diode is forward biased
and nothing works. If the two n-wells are connected towards VPC node, the oppo-
site situation occurs: in case of VPC equal to VDD, the junction of M2 towards
VPP is forward biased.
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Let’s see if a proper control of the n-wells can solve the issue, modifying the
structure as shown in Fig. 5.59. When both M1 and M3 are off while both M2 and
M4 are on, ENABLEI is at VPP and ENABLE?2 is at ground, then the situation is
under control for M2 and M4, while the n-wells of M1 and M3 (node A) are float-
ing. The potential of node A, to which a parasitic capacitance is certainly associ-
ated, is initially at VDD (i.e. when ENABLE signals are in the opposite state).
Parasitic diode D1 forces V, to VPP minus the threshold voltage of the diode. The
risk is related to charge injection into the substrate that could trigger latch-up ef-
fects. As soon as VPC is no longer needed at VPP, M2 and M4 are turned off
while M1 and M3 are turned on. When M1 is on, node A (floating) is connected to
VDD and the remaining charge stored in the parasitic capacitance is discharged,
but the transient condition is difficult to control, and also the two voltages are ex-
ternally controlled by the user. For example, voltage on VPC might be higher than
VDD, even for a short time, when the read circuitry is on and the modify circuitry
is off, thus stressing the matrix cells. The configuration shown in Fig. 5.59 is used
without problems in the most recent Flash memories, where the VPP is not pro-
vided by the user, but rather it is internally generated by charge pumps. In this
way the transient is controlled by the internal logic, and the user cannot inadver-
tently cause any improper biasing conditions.

Problem 5.9: What happens if the n-wells of M1, M2, M3 and M4 are connected to the op-
posite side?

VDD

VPP
_4 on offlj:lk)_
L )
VDD float
M5 M6 o
ilhs I P
GND T VPP
ENABLE1 _oll:on 144 off:”:)_‘ ENABLE2
M3

M4

VPC

VDD

Fig. 5.60. PMOS switch when VPC = VDD. The states of the various transistors and the
voltage of the n-wells are shown

The configuration shown on Fig. 5.60 solves the issue by controlling the sub-
strate of the M3 and M4 p-channels, which present forward biased diodes and
which could therefore charge the nodes of the switch to undesired potentials.

In Figs. 5.60 and 5.61 the state of every transistor and the voltages of the vari-
ous nodes are shown for the case VPC = VDD and VPC = VPP respectively.
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Thanks to the introduction of M5 and M6, no floating n-well is present. This solu-
tion avoids the issues of control on the transistors without decreasing the care
posed in the layout of the solution, since floating nodes might inadvertently trigger
a latch-up.

VDD

VPP
_(4 off on|j] F)_

q ]

float M5 M6 VPP
<)| off on }3

VDD T GND

ENABLE1 off ‘ on ENABLE2
T v
M3

M4

VPC

VPP

Fig. 5.61. PMOS switch when VPC = VPP. The states of the various transistors and the
voltage of the n-wells are shown

The swing of the ENABLE signals is in the range between ground and VPP.
Level shifter circuits similar to the one described in Sect. 5.9 can generate these
signals.

5.12 Bootstrap

The word bootstrap literally means “to pull yourself up by your boots”, that is to
be able to rise from the ground by grasping the straps of the boots! In order to bet-
ter understand this new concept, which is widely used in NMOS technology, let’s
recall how a capacitor is charged when a NMOS buffer is used (Fig. 5.62). A
NMOS buffer cannot be realized using a depletion transistor as pull-up, because it
would not be possible to turn it off.

Problem 5.10. Better elaborate the previous statement.

If V,, is GND (M2 turned off) and V; is at VDD, then M1 is turned on. At the
beginning, C, capacitor is discharged and the potential of the OUT node is at
ground. Initial V of M1 is VDD as well as its V.

The main issue is that the charge of the output capacitor obviously increases the
voltage of the OUT node, thus progressively decreasing both V, and V  of tran-
sistor M1. The final outcome is that V. does not reach the value of the power
supply and that the charge of the capacitor does not occur at constant current,
since the current decreases as time elapses.
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VDD
PU M1
ouT
PD M2
- C,
Fig. 5.62. NMOS output stage
...................... M1 characteristic during C. charge
Tos [uA]
Vos5
7
-rr, Vesd
!H.
/
v Vos3
s
r
S Ves2
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,r"'- Ves0
VDD Vos [V]

Fig. 5.63. C_charge characteristic

We have already seen in Fig. 3.7 (see Fig. 5.63 here reported for simplicity) the
characteristics of the transistor M1 and the load curve for the charge of the capaci-
tances. This kind of buffer does not allow having a large output swing and at the
same time it limits the speed of the charge of the capacitance because current de-
creases with time: here comes the concept of bootstrap.

Figure 5.64 shows only the pull-up of Fig. 5.62, and capacitor C, has been
added between the gate and the source of M1.

Let’s assume to have “precharged” node Y to the value of the supply voltage
and then to have disconnected it from a conductive path, so that C, cannot be dis-
charged. Now let’s see what happens when M1 starts to charge the output capaci-
tance C,. At the beginning we will have, as is with the previous case, V=V =
VDD, being C, discharged. M1 provides current, V, increases, C, maintains the
voltage difference at its nodes (VDD) and therefore the voltage of the floating
node Y tends to increase. The V, of M1 does not decrease while the output ca-
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pacitor is charging, remaining, at least as a first approximation, constant. In real-
ity, the characteristic of M1 is the dashed line in Fig. 5.65, where it is clear that we
are not moving on a constant characteristic of V because of the parasitic capaci-
tor of node Y.

VDD

Y1 M1

CE!
ouT

Fig. 5.64. NMOS output stage with bootstrap capacitor

M1 characteristic with bootstrap

---------------------- M1 characteristic without bootstrap

Ios [pA]
A
Vos5
7
W
4-/ Vosd
/'!'
B / Vos3
IIJ’
s
2 Ves2
’f
a Vst
ot Ves0
o "’ -
(o] Vos [V]
VDD
- f
time to charge [ns] 0

Fig. 5.65. Characteristic of M1 during the charge transient of C,

The characteristic shown in Fig. 5.65 is broken into two distinct sections: AB,
which represents the part where M1 is in saturation and BO, where M1 is in linear
zone. On top of that, there is also the effect of the progressive decrease of V
voltage during the charge; moreover, the threshold of M1 varies due to body ef-
fect, therefore its current further decreases as time goes by. The proper dimension-
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ing of the bootstrap capacitance C, is vital to the correct operation of the circuit;
before discussing the criteria for the dimensioning, let’s see an example of com-
plete bootstrap circuit. Figure 5.66 shows a driver of a row decoder for a NMOS
memory. We recommend again redrawing the circuit on a sheet: redrawing helps
understanding connections and it is the first step in understanding the circuit itself.

VDD VDD VDD VDD
CE |:T M7 l_{g |_{ M9 |:T M15

KU }E _| - |
@ |

LT L

E e
S =T 1

= = 0

Fig. 5.66. An example of NMOS row decoding circuit where bootstrap is implemented

ouT

Aim of the circuit is to set the output signal OUT to high when A1, A2 and A3
are low. First of all, let’s observe that the task of the transistors M7, M8 and M9 is
just to enable circuit operation through the CE# signal, while M6 is the load of the
NOR composed by M1, M2 and M3.

Let’s assume that A1 be high and the circuit enabled (CE# low). M14 is turned
on, the voltage of the node 1 is low and the one of the node 2 is at VDD because
M4 is turned off. Therefore V, is at ground while V, is high but not at VDD be-
cause of the partition between M12 and M13. M15 is turned off and M17 is turned
on, therefore V, is at ground. If the condition Al = A2 = A3 = 0 occurs, V, in-
creases, V, decreases and M14 is turned off. Figure 5.67 shows the final stage of
the circuit for a better understanding of the biasing conditions.

Node 3 increases in voltage as node 4, because M13 behaves as a resistor.
Transistor M15 has the gate at a positive voltage and it starts providing current,
charging C,. Transistor M16 acts as bootstrap capacitance, transferring the voltage
difference acquired by C, to node 4 and, automatically, to node 3. Node 3 is float-
ing as long as following relation holds

Vi >V —Viam (5.63)

The task of M9 is to deliver to node 4 the charge required during the idle state

of the circuit, when V, is at ground.
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VDD VDD
M9 E M15
M12

@ M16

M13 o —ALI .

Fig. 5.67. The final stage of the circuit of Fig. 5.66 where the biasing during bootstrap

phase is highlighted
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Fig. 5.68. The final stage of the circuit shown in Fig. 5.66 where parasitic capacitances are

highlighted
Figure 5.68 shows the parasitic capacitances at node 4: C1 and C2 are the
gate/source capacitances of M12 and gate/drain capacitances of M 13 respectively,
while capacitances Caj e Cpj are area and perimeter capacitances of node 4, given
by the diffusions of M12 and M13. The dimensioning of the bootstrap capaci-
tance, i.e. of transistor M16 that is capacitor-connected here, is a function of the

parasitic capacitances.
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Problem 5.11: Compare the different types of capacitors that can be used and compare
their characteristics.

Let’s call C, the capacitance equivalent to the network of the parasitic ones of
node 4 and C, the boost capacitance (M16). Since node 4 is isolated, the initial
charge Q, that is present on the capacitors is preserved after bootstrap occurs. As-
suming that node 4 has been precharged to a value equal to VDD/n, we can write:

VDD

0,=(Cp+Cy) . (5.64)

0, =CpV, +CylV, —vDD) (5.65)

0 =0y (5.66)

V= ybb +L-VDD (5.67)
n Cp+Cy

Kuv A

Y

t [ns]
Fig. 5.69. KU signal

We made the assumption that the output node OUT can get to the power supply
at the end of the bootstrap phase; if we want the voltage difference on the capaci-
tor be integrally preserved at the end of the bootstrap, we must have C, = 0.

Let’s assume that we want to preserve, after the bootstrap, the 90% of the volt-
age difference on M 16. Starting with node 4 precharged at 3 V, we can write that

Ve=5V+3V-09="77V (5.68)

Using this value of V, in Eq. (5.67), it results that C;, must be approximately 16
times larger than C,.
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The only transistors that we have not mentioned yet in Fig. 5.66 are M10 and
M11. Several junctions are connected to node 4, which can be discharged by their
leakage currents; moreover, in case of EPROM devices, the external light passing
through the window can help discharging the floating nodes.

The task of signal KU and of transistors M10 and M11 is to “supply” node 4
with charge. In order to achieve a good efficiency, the oscillator that generated
KU has a long rise time and a very short fall time (Fig. 5.69). M10 is used as a ca-
pacitor, while M 11 is diode-connected, to prevent node 4 from discharging during
the falling phase of KU.

Let’s now examine the most common types of bootstrap.

5.12.1 PUSH-PULL Bootstrap

Precharge reaches node 3 during the time interval between the rise of node 1 and
the rise of the OUT node; the delay introduced by the inverter placed between the
input and the output is exploited to bias node 2. The drawback of this kind of cir-
cuit is that in case of a glitch on the input signal, occurring while the OUT node is
rising, the bootstrap capacitor could be partially discharged, thus reducing the
charge efficiency on C,. Following schematic can be used to prevent such situa-
tion from happening.

VDD VDD
M7
M6
Cs
ouT
M2 M4
' ©)
IN | M1 | M3 M5
! @ |

VDD VDD

1.
!

Fig. 5.70. PUSH-PULL Bootstrap

5.12.2 PUSH-PULL Bootstrap with Anti-Glitch

Precharge of node 6 takes place in the time interval between the rise of node 1 and
the fall of node 4. Therefore as soon as V, starts rising, the precharge pass tran-
sistor M1 is for sure OFF, thus preventing an incidental discharge of C, in case of
glitch on the input signal.
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|:M2 ® £M4

L, (o (g 1.
|

Fig. 5.71. PUSH-PULL Bootstrap with anti-glitch

g [

5.12.3 PUSH-PULL Bootstrap for a Large Load

In case the output load is large, it is better to separate the output stage into two
parts to speed up the rise of the bootstrapped node without the need of waiting the
output node, thus allowing a higher charge current (Fig. 5.72).

The initial scheme of Fig. 5.66 is not immune to discharge of C, in case of
glitch on the input and, with respect to the versions of Fig. 5.70 and 5.71, it ex-
ploits the precharge for all the time when the voltage of node 1 is low, instead of a
very short time equivalent to the delay of one or two stages of inverters.

VDD

_{ VDD VDD

R I
b ouT

“—HL

Fig. 5.72. PUSH-PULL Bootstrap configured for a large load
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5.13 Oscillators

In electronic systems design, it is often necessary to generate periodic waveforms,
triangular, square-shaped, sinusoidal etc. The circuits used to generate such wave-
forms are called oscillators; some practical implementations are shown in this
chapter.

Ring oscillator is one of the well-known schemes. It is composed of a feedback
chain of an odd number of inverters, as shown in Fig. 5.73. A simple analysis of
the schematic shows that this circuit has a single equilibrium point, corresponding
to the situation where all the inverters are biased on the trigger threshold. Under
these conditions, every single inverter is biased in a region of high voltage gain,
thus determining a high loop gain. As a consequence, the equilibrium point is in-
stable and, even just because of noise, the circuit in Fig. 5.73 starts oscillating
producing a periodic waveform.

INV3

I 1 1

Fig. 5.73. Ring oscillator

Let’s now analyze the behavior of the circuit gate by gate. When the output
voltage V, of the first inverter toggles from the logic state low to high, the output
of the second inverter goes low. The time difference between the moments when
V, is VDD/2 and when V|, had the same value is the propagation delay t, of INV2.
When the output of the second inverter goes low, the output of INV3 goes high
with a propagation delay t,. Summing up, each inverter of the chain triggers the
commutation of the following one, and the last inverter acts on the first one thus
guaranteeing the continuity of the oscillation. The oscillation period T can be cal-
culated using the propagation delays of the single inverters. Assuming the load
capacitances is equal and all the inverters are identical, therefore having the same
propagation delay t,, we can write that

T=t1+7,+13+7, +7, +73 =67 (5.69)

Given a generic number p of inverters that compose the ring oscillators, oscilla-
tion frequency is therefore equal to

l_ 1
T 2prp

f= (5.70)
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Owing to this feature, ring oscillators are often used to benchmark the speed of
a given technology. In fact, it is enough to integrate an oscillator of this type and
accurately measure the oscillation frequency; dividing by the number of inverters
in the chain, it is possible to determine the mean propagation delay of a given
technological process. Because of the high speed of the single gates in present
technologies, it is necessary to implement many stages in the chain to get fre-
quency that are low enough to be measured; otherwise, it is possible to decrease
the frequency dimensioning the load capacitors C, differently.

Let’s now analyze a NMOS oscillator, used to re-integrate the charge lost by
the bootstrapped node because of the leakage: this circuit is responsible for the
generation of the KU signal shown in Fig. 5.69. The main feature of this oscillator
is that the output voltage must have a slow rise time and a very fast fall time.

Figure 5.74 shows the schematic of the circuit and related block diagram.

It is immediately evident that the last two stages are supplied by a VPP voltage,
greater than VDD, because the output signal will be then applied to other circuits
that are supplied by VPP as well (during program operation). The block diagram
shows a high voltage detector, a Schmitt trigger and some inverters; of course, in
order to allow the oscillation, an odd number of inversions must be present. Last
inverter acts as a buffer to provide the required output current.

High voltage detector compares VDD, applied to the gate of M1, with the gate
voltage of M2: comparison is done in current, carefully selecting the size of the
two transistors.

Problem 5.12: Find out the right size for both M1 and M2.

VDD VDD VDD VDD VDD VPP VPP
M2 M7 &10 M11 M13 M17 M19
ouT
VDD |
iz |~ | | |
[ [IM‘* = | 1LY =—=c..
M12 M16
= Mo ENABLE | [T 115 = = =

v
v

L High : :
Schmitt
Voltage J— — :
Detector Trigger

Fig. 5.74. An example of NMOS oscillator. The shape of the output signal is a voltage
ramp, featuring a slow rise time and a fast fall time.

In order to generate the ramp on the output node, C,,,, is charged using a con-
stant current. When M19 is turned on, it is virtually diode-connected; working in
saturation region, it is equivalent to a current generator. Generation of the output
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ramp is then achieved by keeping M19 turned on for the chosen time, paying at-
tention that the output voltage does not reach a value high enough to turn off M 19,
thus modifying the waveform of the output signal.

Vur voltage is fed back to the input, where the comparison takes place: when
the output voltage has reached the desired value, node INT1 turns on M4, that al-
lows the charge of C1 through MS5. At this point the trigger toggles, node INT2
goes low and the fast discharge of the output node through M18 is triggered: M18
is dimensioned in such a way that it can sink the discharge current completely.

Once the voltage of the output node has dropped down to ground, M1 is turned
off. Before a new charge of C,,, can take place again, re-charge of C1 and the
toggle of the trigger must occur. The latter has the advantage that it filters out un-
desired toggling induced by the noise on power supplies, since it introduces a hys-
teresis. Finally, M15 is an enable transistor that, if turned off, keeps the output
node low. Figure 5.69 shows the qualitative behavior of the output node.

Problem 5.13: Why the enable transistor M 15 is not inserted in the last stage, but it is in
the previous one? Every time a choice is possible, options are never equivalent: one is al-
ways the best for our aims.

The other NMOS oscillator in Fig. 5.75 produces an output waveform that is
not exactly squared, but whose edges are steep. Unlike the previous one, output
load capacitance is smaller and therefore it is possible to exploit bootstrap tech-
niques to obtain an oscillator over the full power supply swing. The study of this
circuit is left to the reader. Enjoy!

VDD VDD VDD VDD

R FTE v

it (1
_| - M6 - M12
_| = t: Mo Igl M15
_|

M3
ENABLE
VDD VDD
VDD VDD VDD

M23

= M19 | [T w7
M17 —| M22 I |
b —| M244
—| M18 H M21 our

M25

M20 q M26

Fig. 5.75. NMOS oscillator with squared-waveform output
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Let’s now analyze a CMOS oscillator. Unlike the previous ones, it is realized
using the voltage of the band-gap reference. This circuit is used to generate a
square waveform, which allows for a variation of the frequency on the full voltage
and temperature intervals of about 10%.

Figure 5.76 shows the scheme of the oscillator, based on the feedback between
T1 and T2 inputs and Q and Q# outputs. If Q is high and Q# is low, transistor M2
is turned off, while its counterpart M6 is on. Capacitor C2 charges up to the sup-
ply voltage, while C1 discharges through M3 and M4 at a constant current, until it
gets to the trigger threshold of INV1. At this point, the outputs of the latch com-
posed by NAND2 and NAND3 toggle their value and the discharge of capacitor
C2 starts. The time that it takes to discharge C1 and C2 determines the clock pe-
riod; by changing the size of the capacitors is therefore possible to change the
duty-cycle of the clock.

Let’s assume Cl and C2 be identical; if a constant current discharge takes
place, we can write that the clock period is equal to

T, clock = C a7
disch
Parameters I, and AV are respectively the discharge current and the voltage dif-
ference required to toggle the output of inverters INV1 and INV3. In order to im-
plement an oscillator that is stable both in temperature and voltage, both I, and
AV must be kept constant.

Let’s start from the voltage difference. V. voltage is set to VDD —2[V_ | in
this way, when the upper plate of the capacitor reaches VDD — |V_,|, transistor M3
(M7) turns off, voltage on node T1 (T2) abruptly falls and the inverter toggles. In-
deed, we have realized a circuit that is able to detect a voltage different equal to
the threshold of a p-channel. About I ,, as a first approximation we can use volt-
age V,, to drive the discharge transistors directly.

(5.71)

disch

Problem 5.14: Design the circuit that drives both M3 and M7.

INV4 INVS

Fig. 5.76. CMOS oscillator
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5.14 Circuits to Detect Third Level Signals

Communication between the internal and the external of the device takes place
through the pads that are driven by structures composed of inverters, that are
therefore able to accept logic values equal to either ground or VDD (CMOS inter-
face).

How can we do, for instance, to use the addresses without triggering a new
read, when any logic combination we choose maps to an address in the memory
space? It is possible to design a buffer that is capable of detecting three voltage
levels: ground, i.e. CMOS logic “0”, power supply, i.e. CMOS logic “1” and then
a voltage level higher than power supply, that we call third level.

For a device operating with a VDD equal to 5 V, the value of the third level is
equal to VPP, while for 3 V-operating devices, third levels allows for lower val-
ues, around 10 V. Third levels are used by the manufacturer to place the device in
those test modes that are precluded to the user. Anyway the customer has some
user modes, described in the specification (like byte identifier read, temporary sec-
tor un-protection etc.) that allow for the use of third levels. The voltage value de-
pends n both the device and the technological process used.

When a third level is detected, i.e. an input whose voltage value is much higher
than power supply, a path different from the normal input buffer is activated.

The main item to take into account when designing a third level circuit is that it
must not cause power consumption, or leakage towards ground, otherwise it can
invalidate the normal behavior of the input buffer into which it is inserted, and
whose pad it shares. A second item is related to robustness with respect to Elec-
troStatic Discharge, that we will cover later, according to which it is not recom-
mended to connect drains of n-channel transistors directly to power supplies.

A possible approach for a NMOS technology is shown in Fig. 5.77, where we
can recognize the same input stages of the oscillator shown in Fig. 5.74, used for
the same purpose. The advantage of this kind of third level buffer is that the input
is on the gate, so that we can neglect all the issues related to both ESD protection
and latch-up, in case of CMOS. Unfortunately, since the circuit is based on the ra-
tio between two currents, power consumption is not zero.

VDD VDD VDD VDD
PAD VDD
M2 M3 ’__{ M5 ’__{ M7
ouT
VDD ‘
M1 M4 M6 M9

Fig. 5.77. NMOS third level buffer
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A typical buffer for a CMOS device is shown in Fig. 5.78: the chain of p-
channel diodes provides the triggering threshold.

The voltage of PAD must be at least equal to the supply voltage plus [V, | so
that M1 can be turned on. But at this point the diode M2 drops a threshold and
therefore the supply of the inverter does not allow M3 to win over M4. On the
contrary: to have M3 winning over M4, apart from the dimensions that must be
chosen for this aim, i.e. M4 must be resistive and M3 conductive, the voltage on
the source of M3 must be at least equal to VDD. Thus the voltage on the pad must
be at least equal to VDD + 2|V_,| plus the contribution of the given body effect
plus a quantity that depends on the size ratio between M3 and M4. Assuming that
VDD is equal to 5V, the triggering threshold is around 8 V. If power supply in-
creases, a greater voltage must be applied on PAD in order to turn the circuit on.

Finally, Fig. 5.79 shows the scheme of the third level buffer used for a CMOS
device, composed of a chain of p-channel diodes that is directly connected to the
pad and that is clamped to ground by a n-channel diode. Voltage on the gate of the
first inverter is usually too low to cause the overall output to go high.

PAD
VDD
—( M1
,_J M2
M3
ouT
M4

L

Fig. 5.78. CMOS third level buffer whose triggering threshold depends on the supply volt-
age

When the voltage value on PAD is greater than five p-channel |V, p| plus one n-
channel threshold voltage, node F can go to ground turning on the third level. In
this case the value of the voltage required on the pad to turn on the third level is
independent from VDD power supply.

The presence of two n-channel transistors, M6 LVS and N7 natural, as pull-
down of the chain, is necessary to guarantee that the following inverter is turned
off when the third level is not applied. In fact the n-channel of the inverter INV1 is
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of the same kind of M6 and, therefore, without N7 the input of INV1 would be ex-
actly at the triggering threshold of the inverter itself, and power consumption
might take place.

This case would be almost equal to a floating node condition, i.e. un-driven, at
the mercy of spurious couplings.

Problem 5.15: Analyze the last two circuits illustrated above and decide whether it is better
that the value of the triggering threshold for a third level buffer be a function of VDD
power supply or not.

Problem 5.16: Analyze the nature of a floating node, define it and evaluate which damages
it could cause.

PAD
] h M1
o
— M2
.—O —
-
— M3
.—O —
o
R
] wa
-
7
~— | wms INVA
F ouT
M6 N7

.|”_I

Fig. 5.79. CMOS third level buffer independent from supply voltage

5.15 VDD Low Detector

Sensibility of the flash cells calls for a careful control of the voltages applied to
the matrix, in order to ensure that improper voltages be applied at the wrong times,
thus damaging the cells or changing their threshold voltage. For this reason it is
important to control the value of the power supply during modify operations.
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138 5 Fundamental Circuit Blocks

If, for instance, we want to program, then program path to the matrix must be
enabled and the pumped voltages are generated starting from power supply; dur-
ing the operation, supply voltage must remain at the right level, otherwise program
operation might not perform correctly.

For this reason, inside the device there is a circuit that controls the value of
power supply and, in case it falls below a given value, a signal that stops the
charge pumps and inhibits the most dangerous paths towards the matrix is acti-
vated.

The circuit can be realized using a resistive partition, whose task is to follow
VDD, and a comparator whose non-inverting input is connected to the output sig-
nal of the band-gap. The output of the comparator is then sent to a Schmitt trigger
to filter out spurious commutations.

Problem 5.17: Realize the circuit that has been just suggested.
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6 Layout

The aim of this short chapter is to present the main concepts that must be under-
stood in order to read a layout, i.e. the translation of an electrical schematic into
polygons. Learning to read a layout is a long and tedious process, which might
take years to become proficient, because of the many cleaver methods used in de-
veloping the layout itself. Undoubtedly, it can be said that the success of a device
lies in the combined skill of both the designer and the layout engineer.

6.1 Custom Layout

Designing and manufacturing integrated circuits is a very complex activity; de-
spite the powerful machines used and the thousands of lines of software written to
make such machines work, making of a chip is nevertheless a craftsman work.

Designers, layout engineers and technologists do not rely on automatic, error-
free procedures; on the contrary, they become more and more similar to Renais-
sance Masters with their recipes and secrets orally handed down to their favorite
pupils. The art of custom layout, i.e. hand-made, transistor after transistor, is
probably the most astonishing activity for both the novice who observes a layout
for the first time, discovering geometric arabesques and the cunning designer who
cannot help being pleased observing the work to which he has contributed.

Layout artists or draftsmen translate transistors, resistors, capacitors, cells and
everything on the schematics into polygons that, at the end, will constitute the
photomasks to realize the device. Making of the layout requires a deep knowledge
of the rules of the technological process; every layer maintains distance rules to-
wards the other layers that are complied with and checked, by the draftsmen them-
selves, by means of a program known as DRC (Drawing Rules Check). At the
end, another checking tool, known as LVS (Layout Versus Schematic), verifies
the matching of the overall schematic with the layout.

Let’s see some simple circuit and the corresponding layout.

6.2 A Three-Inputs NAND

Let’s start and analyze the three-inputs NAND shown in Fig. 6.1. As we have al-
ready seen in the chapter on the process, the first layer that is diffused is the n-
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142 6 Layout

well!; then there is the definition of the areas where a thin oxide is present, as is
the case with the polysilicon gate or where no oxide is present because a contact
with a junction must be done. The contact is realized making a hole in the oxide in
order to reach the junction. The wires to propagate the signal are’> metall and
metal2, connected through the vias.

VDD P T TTTT

M6 M5 ” . =H

—d = ] 1 1

out : 1 1

n - .

A M3 imt i
B IC m2 ] out

c I M1

llllllllll

@ n-well D metal1

|:| Active area - contatti
D p+ E metal2

|:| poly2 - vial

Fig. 6.1. Electric scheme and layout for a three-inputs NAND

Problem 6.1: Try and redo all the layouts shown in the present chapter using a single layer
of metal.

Analysis shows the gates of the p-channels connected to those of the n-channels
through a metall wire. It is not possible to connect the gates, for instance M1 and
M6, in poly2, because the n-channel transistors are surrounded by a ring of active
area that will be implanted p®, in order to have a protection ring against the latch-
up, a parasitic effect that we will describe afterwards. Poly2 cannot cross any ac-
tive area; otherwise it would constitute a MOS transistor.

In the case of p-channel transistors, the ring for biasing and protection is inter-
rupted on the side facing the n-channels. This allows additional degrees of free-
dom, but on the other hand it increases the risk of latch-up. The two situations
must be evaluated case-by-case depending on the different requirements.

! Tt is important to remind that there is not a one-to-one correspondence between a layout
layer and an operation (diffusion, deposition or attack). Some layers are obtained as logic
combination of two or more layout layers.

2 Throughout the layout examples, a two metal layer process is considered. Cheaper proc-
esses exists, where a single metal layer is available; on the other hand, the processes used
for the most powerful microprocessors can have five or more metal layers
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6.2 A Three-Inputs NAND 143

Among NMOS transistors, M1, M2 and M3, the active areas are contacted by
metall polygons; the minimum distance between two poly strips is usually
adopted, to decrease active area resistance. A special consideration must be done
about contacts: in advanced processes, they are realized as equally sized squares?,
to overcome lithography and filling issues. When the hole that will allow metall
to get in contact with the active area is done, the contacts are first filled with a me-
tallic compound, and then metall is deposed.

Figure 6.2 shows the issues related to contact filling. We can see in Fig. 6.2a
the metall incorrectly filling the contact, since it is thinner near the edges, so that
it could break because of either mechanical or thermal stress when current flows.
A more robust procedure is to fill the contact, as in Fig. 6.2b, and then have the
metall contacting the filling material, thus ensuring a more reliable connection.

(b)

(d)

EE& n_well :} metall

|| Active area - contatti
D p+ E= metal2

[: poly2 vial

Fig. 6.2. Issues related to contact filling

The issue sketched in Fig. 6.2c is the filling of the contact that might leave a
small depression in the center, thus worsening the contact with metall. The usage
of long, differently sized contacts would increase the probability of incurring a
depression over the filling material and it would increase the difficulty of control
during lithographic exposure (Fig. 6.2d).

3 On silicon, they result in a round hole.
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6.3 A Three-Inputs NOR

Figure 6.3 shows the layout of a three-inputs NOR. Same consideration as in the
previous paragraph applies. For the sake of simplicity, the size of the transistors is
not shown.

VDD
VDD —
—— [ me EE
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—dL m5 us
B H
p—cl[ M4 tttti{ H
out A e e R [
Bl —
A T ]
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S |
u u
u [ ] [ ] -
H u = = L
= m ] ] =
w| =W (= M2 m| 03w =
HEH n-wen [ ] metan m n m| || |m =
. . - ] u u -
|:| Active area - contatti : : : : =
D p+ E metal2 n L :
[ poly2 B viat gnd[ ﬂLlllllllllllllllllllll

Fig. 6.3. Electric scheme and layout for a three-inputs NOR

Problem 6.2: Redraw the layout of Fig. 6.3 in such a way that every PMOS has its n-well
connected to its own source, thus eliminating the corresponding body effect.

Problem 6.3: Analyze the pros and cons of the solution to Problem 6.2. Estimate the costs
to eliminate body effect for each NOR and NAND.

6.4 An Interdigitized Inverter and a Capacitor

In several occasions it is required to draw transistors whose W is very large. In the
case of output buffers, for instance, size might be greater than 1 mm. In these
situations, it is not possible to draw a single, long polygon in poly, for both area
occupation and defect-related reasons. The solution is to split the gate into differ-
ent “fingers”, whose maximum length is given by process rules: such pieces of
poly are then connected in parallel to form the final transistor (and the resulting
structure resembles a comb).

Figure 6.4 shows an inverter where both the PMOS and the NMOS have been
split into three different, parallel branches.
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Fig. 6.4. Electric scheme and layout for an interdigitized inverter

Finally, Fig. 6.5 depicts the layout of a poly2/n-well capacitor; the upper plate
is the poly?2 layer, contacted through metall to the node B, while the lower plate A
is the n-well, which is contacted through a portion of active area.

@ n-well |:| metal1
D Active area - contatti

D p+ ] metal2
|:| poly2 - via1

Fig. 6.5. Poly/n-well capacitor
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6.5 Area and Perimeter Parasitic Capacitances

For every process, the mutual capacitances of all the different layers are calcu-
lated. Figure 6.6 shows an inverter, realized using a single “finger”, and the cross-
section of the NMOS transistor. Signal nodes, i.e. those connected to metall, are
affected by parasitic capacitances since they touch source and drain junctions.
Such capacitances result from the sum of two contributions: junction area capaci-
tance and perimeter capacitance; the latter is caused by the fact that at the end of
every junction the field oxide starts again, and below the field oxide a p* junction
is diffused, to isolate two active areas separated by a field oxide drawn with mini-
mum size.

VDD
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VDD m -
n| |H
M2 n | H
n|H
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—_— Junction perimeter not
comprises gate borders
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HH n-well [ ] metant ml= 1] (=] (e
[ ] Activearea [ contatti - = H -
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B poyz [ v Il L]
[ONNNNNNNW F} &gﬁ
3
—

Field oxide /

Fig. 6.6. Calculation of perimeter capacitance

Therefore the calculation of the perimeter for both a source and a drain junction
is limited to the edges of the fields, and it excludes the edge between the gate and
the junction itself, since p* junction is not present there. The perimeter to be con-
sidered is shown in Fig. 6.6. The calculation for a PMOS transistor is similar, just
recalling that the capacitances of n-well with respect to p-type substrate should be
taken into account also. There is a layout technique that allows eliminating the pe-
rimeter capacitance of one of the two junctions (caused, as we said, by the p" dif-
fusion beneath the field). These transistors are used when breakdown value must
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be increased, and therefore they are called “field-less”. Figure 6.7 shows one of
these transistors; the gate is not a simple finger, but it surrounds source (or drain)
area; in this way the field oxide at the end of the active area is not present.

Field oxide
N This junction doesn't see the field

ll]

mﬁ n_well metal1

| Active area - contatti
-
[ poly2

Fig. 6.7. “Field-less” transistor: the cross-section, without metall, shows the central region
of n" that does not face p” diffusions that are present below the field.

Precise calculation of parasitic capacitances is obviously very important to gen-
erate an accurate simulation of the device. Many errors can be imputed by either
under or over estimated capacitances, because the resulting electrical perform-
ances of the circuit are indeed incorrect.

The big challenge is to be able to estimate the capacitance before having com-
pleted the layout: this skill makes the difference between a designer and a
DESIGNER.

6.6 Automatic Layout

A custom layout allows a high degree of both area and performance optimization,
because the draftsman has direct control on the basic components. It is possible,
for instance, to pay more attention to the transmission line of certain signals de-
pending on how critical they are with respect to both timing and noise immunity.
However this approach has a high cost in terms of both time and human resources
required for its implementation. In fact, the layout of a chip usually goes in paral-
lel with the design of the schematics; therefore, a heavy modification of a sche-
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matic can bring to a complete remake of the layout, and an associated waste of
time is evident.

Increased complexity of internal algorithms and the growing number of func-
tionality supported in today’s Flash memories has caused a dramatic growth of the
associated logic circuitry. To compensate this effect, a standard cell based ap-
proach is more often used.

A standard cell is a circuit that execute a given logic function: three-inputs
NAND, D-type Flip Flops, Multiplexers, NOR, etc. These cells constitute a stan-
dard library and they are characterized by a layout that follows a similar structure:
same height, aligned power supplies, similar position for inputs and outputs.

Layout is done in such a way that all the cells have, in one direction, say Y, the
same height, so that the complete circuit can be realized as an ordered sequence of
cells placed onto rows to constitute a matrix, as sketched in Fig. 6.8. Of course, X
size is directly proportional to the size and the number of cells on the row. Among
adjacent rows of standard cells, an interconnection channel is left, to be able to
connect the various logic cells as appropriate.

. . . . . . Don’t use space

Feedthrought cell

. RN
O B =
u

Interconnection channel

“"AEEEEN

Fig. 6.8. Standard cell layout floorplan

Thanks to the availability of the standard cells library, digital design can use
several software tools. The designer describes the logic network by means of a
Hardware Description Language (HDL); then applying the “synthesis” operation
with the proper timing and area constraints, the schematic is automatically gener-
ated. Of course, synthesis is technology dependent, since it maps the desired func-
tionality onto the cells belonging to a library designed for the specific technologi-
cal process used to design the device.

At this point, a Place&Route software starts from the synthesized schematic
and picks up the predefined layout cells corresponding to the standard cells found
in the schematic itself (these layout cells are in a standard library too, specific for
the process as well), properly connecting them together.
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“Placement” defines the physical position of every element of the circuit on the
surface of the chip.

“Routing” is the following phase and defines the paths of the wires that connect
electrically equivalent nodes. First automatic routing algorithm were used to re-
solve the trace layout in PCBs; later on, they have been adapted to solve the much
more complex issues that can be found in integrated circuits. A very common con-
cept in routing algorithms is to consider the layout as a labyrinth: finding a path
between two pins on the same net is just the same as finding a way out of a maze.
Anyway this is not enough, since routing must fulfill at least two main constraints:
technological, because process rule must be followed (minimum distances, widths
etc.); design constraints, because some signals are more critical than others from a
timing point of view, or because the connection area should be as small as possi-
ble, to minimize area and thus the cost.

The number of connective layers depends of course on the type of process: in
case of a two metal layer process, for instance, metall and poly might be used for
connections inside the cells, while metal2 is reserved for cell-to-cell interconnec-
tions.

Parasitic capacitances due to interconnections are then extracted from the
automatic layout, so that the designer can simulate the network again to a higher
degree of accuracy, since the real loads have been back-annotated. In case of
problems, either the schematic or the logic flow is modified and the synthesis op-
eration is run again, so that a new layout is generated and so on, until all the de-
fined parameters converge on the required specifications.

The most evident advantage of standard cell approach is design speed, which
allows the designer to take care of the whole system instead of the single compo-
nent, thus reducing time to market. Once the necessary logic functions are defined,
proper CAD tools are used to automatically generate the layout using only the
components that are part of the standard library.

The investigation of this topic alone would require, for sure, a dedicated book.
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13 Multilevel Read

13.1 Multilevel Storage

The necessity of non-volatile memories to have higher and higher densities leads
to the consideration of multilevel memories. In this case, it is possible to generate
more than two logic levels by controlling the amount of charge stored on the float-
ing gate.

Figure 13.1 shows the characteristics (V 1) of a bi-level Flash cell in reading
condition. The characteristic with the V., threshold voltage, generally ranging be-
tween 0.5 and 2.5 V, is assigned to logic value “1”, whereas the characteristic with
V., typically greater than 5 V, is assigned to value “0”. As stated in Chap. 12,
reading consists of the conversion of the current drawn by the cell at a defined V
into a voltage that is then translated into the corresponding logic level.

los [A]

A

wyn ngn

f i L
Vi Viw Ves [V]

Fig. 13.1. Bi-level cell

In the case of multilevel cells, the (V, 1) plane is divided by several charac-
teristics. For example, in the case of 2 bits/cell, there are four resulting characteris-
tics (Fig. 13.2) to which the 11, 10, 01, and 00 logic values are associated. In real-
ity, we obviously deal with threshold voltage distributions spaced with respect to
each other in a way that allows the determination of the logic value by means of
the sense amplifiers.
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Fig. 13.2. Binary encoding of the threshold voltage in the multilevel case

One of the problems in reading the cell is related to the V  voltage. Since read-
ing is a current-to-voltage conversion, the voltage that is applied to the cell gate
must be at least greater than V.. Figure 13.3 shows one possible placement of the
distribution; for sake of simplicity, the distributions are reported in the same scale
(except the 11 value which has a larger V range) and equally spaced. The read
voltage, for example, can be fixed to 6 V.

Ios [ A]

"qqn 10" 01" "0o"
| 05 25 35 4 5 55 |6 6.5 Ves [V]
VREAD

Fig. 13.3. Position of the threshold voltages for a cell containing two bits
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13.2 Current Sensing Method

One way to discriminate the cell current is the usage of three reference cells, with
V., programmable during the testing phase and located between the various charac-
teristics (Fig. 13.4). For sake of simplicity, also in this case the three references
are centered between the distributions of cell currents representing the logic states.

[
/.
/

"

g
IREFZ "01"
IREFJ
Y 7 Y 7S -
05 25 35 4 5 55 [6 65 Ves [V]

Vreao

Fig. 13.4. Current sensing approach: the cell is read at constant V,
ferent reference cells

exploiting the three dif-

GS?

The read operation is accomplished by applying a gate voltage to the memory
cells (V,.,,) and comparing the current drawn by the cell to the three reference
currents, L ..., L., L. A circuit structure, composed of several I-V converters,
compares the conversion results and provides the logic value to the output, as
shown in Fig. 13.5. The minimum working window of the threshold voltage is de-
termined by reliability requirements rather than the number of bits that the cell
stores. It is then evident that the multilevel structure causes a reduction in the dis-
tance between the various V, distributions. This reduction increases the difficulty
of sensing, since there is less differential current between logic states. Due to the
limited gain of the cells (between 20 and 25 pA/V), the sense circuitry must dis-
criminate currents on the order of 10 pA, also in the case of only four levels.

Figure 13.6 shows the real position of the three reference cells. The characteris-
tics of the first two, R1 and R2, are parallel to the characteristics of the array cell.
The threshold voltage of the third cell, R3, is instead set to the upper value of the
“01” threshold voltage distribution. To understand the particular position of R3 it
is necessary to recall that, while V., remains practically fixed as bias voltage and
temperature vary (it is derived from a bandgap reference), the cell threshold volt-
age drifts with the temperature. Thus, there is the risk of a too low reference cur-
rent when the temperature decreases. The unbalanced read technique is just for
lowering the threshold voltage of R3.
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Fig. 13.5. Analog-to-digital converter for parallel multilevel sensing
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Fig. 13.6. Actual position of the reference cells: R3 is used in the unbalanced configuration

In order to fix the problem of the limited available current, it is possible to use
the amplified I-V converter, already analyzed in Sect. 12.9. It is preferable to am-
plify the current of the cell corresponding to the “01” level because this is the one
that sinks less current during read due to the high V.. For example we could de-
cide to multiply the current of the “01” cell by three; while the “11” and “10” dis-
tributions are only doubled so as to limit power consumption. Figure 13.7 summa-
rizes the ratios defined between the currents of the various distributions.
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Fig. 13.7. Amplified I/V converter for multilevel reading

The vertical axes represent matrix and reference currents. The “Imat, rif x1”
axis indicates the current values referred to the tails of the different distributions,
as shown in Fig. 13.4. The first distribution is in the range between 100 and 70
pA, the second between 50 and 40 pA, the third between 20 and 10 pA. The three
references sink 60 pA (R1), 30 pA (R2), and 10 pA (R3), respectively. The differ-
ent currents are collected by means of current mirrors (the blocks located above)
and transferred to the current/voltage converters.

The current of the array cell is sensed and multiplied, in one case by three, in
the other cases by two. The reference currents are always multiplied by two and,
thus, in the case of the converters connected to sense2 and sense3, the overall ef-
fect is the doubling of the dynamic signal range. In the case of sensel, with the
lowest reference current R3, we must introduce a different multiplication factor
for the array, to be able to distinguish the array from the reference. In this specific
case, R3 must always be lower than the current drawn by the cell and, hence, the
cell current must have a higher multiplication factor. Figure 13.7 shows the differ-
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ent currents that reach the current/voltage converters: for each reference, the dif-
ferent vertical axes represent the possible position of the current of the various dis-
tributions. Basically, the three reference currents are collected by the small refer-
ence array, amplified by a factor 2 and presented as inputs of the respective I/V
converters. The cell current is instead collected and multiplied by two or three.
The current multiplied by two is input to the converters of sense2 and sense3,
while the current amplified by three is input to sensel. In this way, we obtain the
desired result of increasing the dynamic range of the available current, limiting, at
the same time, the threshold voltage of reference R3 at the upper value of the “01”
distribution.

13.3 Multilevel Programming

The precision required in the multilevel case is not limited to the read operation; it
is also necessary to design a write mechanism to program the cells within the dif-
ferent distributions. The write mechanism usually employed in Flash memories
with NOR architecture is the hot electron technique presented in Chap. 3: by ap-
plying a voltage of about 10 V on the control gate, a voltage of about 5 V to the
drain and leaving the source connected to ground, it is possible to generate an in-
tense electric field between isolated gate and channel and, at the same time, a high
current between source and drain. This permits the electrons flowing between
source and drain to acquire high kinetic energy and reach the floating gate from
the channel, overcoming the energy barrier to cross the tunnel oxide.

The advantages offered by the implementation of a multilevel memory are ac-
companied by formidable problems related to the reduction of the difference be-
tween the different threshold voltages corresponding to the various charge quanti-
ties stored on the floating gate and, hence, between the different cell current flow.

The programming of a multilevel memory cell requires very precise control of
the charge stored on the floating gate.

It is possible to define a linear relationship between the variation of the voltage
applied to the gate during the program phase, AV, and the threshold voltage step,
AV, obtained at fixed V, and V, as shown in Fig. 13.8.

The memory cell is, therefore, programmed by applying a series of linearly in-
creasing step voltages to the gate: each program pulse has to differ from the previ-
ous and the subsequent one by a constant value, AV,. The program gate voltage
has therefore the appearance of a staircase with constant step. In particular, a sig-
nificant result obtained by the use of this method is that, neglecting all the effects
related to retention, temperature variation and so forth, the width of the threshold
voltage distribution equals the step of the staircase voltage applied.

The method described above is inherently slow since it requires the application
of a sequence of pulses to the cell gate. In order to obtain a single byte program
time comparable with a standard bi-level cell it is therefore necessary to program
several cells in parallel. Let’s suppose that the single byte program time is 6 ps in
the bi-level case; if we need 200 ps to apply the entire program stair, it is neces-
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sary to program 256 bits simultaneously to obtain a program time of 6 ps for each
single byte.

The reader can refer to the next chapter for a more detailed description of the
entire program algorithm.
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Fig. 13.8. Staircase programming: AV, as a function of the number of pulses for three dif-
ferent channel lengths. The upper axis shows the gate voltage at each program step

13.4 Current/Voltage Reference Network

As stated in Sect. 12.15, the number of reference cells typically used in Flash
memories is lower than the number of sense amplifiers present; as a consequence,
the V. reference voltage is derived from one cell and shared among several sense
amplifiers. Generally, two or four reference voltages can be obtained from one
reference cell, and each of them is shared among a group of sense amplifiers, as
sketched in Fig. 13.9. For example, the V., reference voltage can be the V, .on
voltage in Fig. 12.40; by replying I,.. several times (M1, M2 mirror), several
V,umror €N be obtained.

The conversion of array current into voltage is carried out locally inside the
sense amplifier. The reference current is instead converted into a voltage in a loca-
tion away from the sense amplifiers since the reference cells belong to the dedi-
cated small array. The reference voltages are obviously referred to a local ground
of their I/V converters and, hence, it is important that the offset in the ground con-
nections be minimized between the reference circuitry and the sense amplifiers.

In Fig. 13.10 the layout of the power grids inside a generic device is shown.
The ground potential is routed by means of a ring of metal lines, whose width is
the result of a tradeoff between area occupation and parasitic resistance. The volt-
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age drop on the ground lines depends on the line layout while the current con-
sumption of the sense amplifiers depends on the current of the array cells that are
read. Thus, the current consumption and the consequent voltage drop on the
ground lines depend on the pattern that is read.

SA<0>| SA<2>| SA<4>| SA<6> SA<8> | SA<10>| SA<12> | SA<14>

Y,
Vrer CONV

SA<1>| SA<3>| SA<5>| SA<7> SA<9> | SA<11>| SA<13>| SA<15>
lrer

Fig. 13.9. V. reference voltage shared among several sense amplifiers

— W\, AN AN AMN ANN—
SA<0> | 4 SA<2> | 4 SA<4> »
Vrer v
V' conv
D"—’\N\, c AN 5 AN AMN ANN—1
GND 1|
—4 —4 —4
SA<1> SA<3> SA<5> ()
A Irer

AN — A —— W ————— L

Fig. 13.10. Layout of the ground lines and V , in the area of the sense amplifiers

In order to better understand the importance of the effect described above, let’s
consider the case of a multilevel memory.

Programming is performed by increasing the cell threshold voltage by small
steps (typically 300 mV for a multilevel memory with 2 bits/cell). Starting from
the distribution of erased cells (“117), a verify operation is performed at the end of
each single step, i.e. an actual read operation is performed. The cells that have
reached the required distribution are not subjected to further programming pulses.
During the various verifications, the current that flows in the sense amplifiers de-
pends on several cell currents, which are changing as the cells are programmed.
The verifications are thus performed with different ground currents and can have
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variation in the ground offset as the cells are programmed to different threshold
voltages.

The problem arises when one or more cells reach the required distribution. Al-
though they are not involved (because they have been verified correctly), further
program pulses will be applied to the other cells. In practice, at the end of the pro-
gram phase, the voltage drop on the ground lines does not equal the drop during
the first cell verification.

Let’s examine Fig. 13.10 and suppose that we want to program the cell con-
nected to SA<0> to level “11” and all the others to “00”.

The I/V conversion takes place according to the local ground of the converter.
For the reference it is node A in Fig. 13.10, for the SA<0> sense amplifier, it is
node D, for SA<2> it is node C and so forth.

The first verification is successful for SA<0>, while the other cells have not yet
reached the programmed state so these cells do not verify correctly. The first veri-
fication is executed with the sense amplifiers connected to the cells that sink the
highest current and, therefore, the voltage drop between nodes D and A is the
highest.

As the threshold voltage of the cells is increased, the current consumption di-
minishes; and therefore the voltage drop between D and A decreases. This varia-
tion of V, is transformed into a differential voltage input signal for the voltage
comparators of the sense amplifiers. This means that the distributions are enlarged
and consequentially the device has lower noise immunity and increased access
time.

Problem 13.1: Due to the effect described above, do the distributions of the threshold volt-
age enlarge only in one direction or do both tails move?

The solution generally adopted in such a case is to bring the generation of V.
closer to the group of sense amplifiers that share the reference, as indicated in Fig.
13.11. In this case, the reference signal transmitted inside the memory is the I
current which implies advantages in terms of noise immunity.

REF

Problem 13.2: What may happen when a current is reproduced by means of transistors in
mirror configuration that are located in very different areas of the chip? Recalling the
PMOS case, consider that a small voltage drop takes place between the sources of the two
p-channels.

In Fig. 13.11, the ground for the I/V conversion of the reference current is node
B. In this way we eliminate the contribution of V,, because this drop is now a
common mode signal for the voltage comparator of the sense amplifiers. How-
ever, the variation of the voltage drops has not been overcome since the problem
of V_, is still present.

A good solution in such cases is the adoption of a different ground line for each
I/V converter. The various ground lines are connected to a single node (node B in
Fig. 13.11) to which the I/V conversion of the reference current must be referred.
In this way, the voltage drop between the ground of the single converter and node
B is no longer influenced by the current variations of the other sense amplifiers.
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Fig. 13.11. The reference signal is the I, current and the I/V conversion is performed lo-
cally, close to the group of sense amplifiers that share the same V.

Problem 13.3: Draw the layout of ground and reference voltages in the case of dedicated
ground line for each sense amplifier.

Problem 13.4: Evaluate the impact of the realized layout in terms of area occupation.

13.5 Voltage Sensing Method

Basically, the reading of a non-volatile cell can be accomplished in two ways:
with either constant gate voltage or constant drain current, as shown in Fig. 13.12.
In both cases, the drain and body voltages are kept constant. If the gate voltage is
kept fixed, we talk about current sensing, since the value of the current indicates
the program status. On the other hand, if the drain current is kept constant, voltage
sensing is utilized since V provides the means to determine the data stored.
While the current sensing method and its variations are the conventional tech-
niques used to read the traditional bi-level and four-level memories, the voltage
sensing method has been developed to suitably read the more complex multilevel
devices.

Figure 13.13 shows the eight logic levels that are necessary to store three bits in
a single cell. In this case the voltage sensing is appropriate. Instead of biasing the
word line directly to 6 V, the V voltage of the cells increases in a staircase fash-
ion. For example, the first and the final value of such a staircase could be 2 and 6
V respectively. The number of steps of the row voltage equals the number of lev-
els minus one.

The operating principle of this technique is based upon the comparison between
the current drawn by the cell and an I, current generator. In Fig. 13.14 the “101”
distribution is shown and the reference current is 10 pA. The transient of the word
line voltage is reported in Fig. 13.15. At each step, the sense amplifier verifies
whether the cell sinks more current than 10 pA. With reference to the case of the
“101” level, the comparator of the sense amplifier toggles during the third step of
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the V voltage. This operation requires a single sense amplifier for each cell, with
remarkable saving in terms of area since the result of the comparison is “1” or “0”,
like in the case of bi-level reading.

Ios [pA]
L A Tos [pA] A

: /
)

Ves [V] Vio Vi Ve Vo Ve Vs [V]

(a) Veso (b)

Fig. 13.12. Comparison of read methods: (a) constant gate voltage (V
current (L)

aso)» (b) constant drain

Tos [pAl

A

111 |110 |101 |100 |o011 [o10 | o001 | o000

-
|

2 2.6 3.3 4 4.6 53 6 Vs [V]

Fig. 13.13. The eight distributions that are necessary to store 3 bits in a single cell

The steps of the row voltage can have a 15 ns time duration, leading the overall
time to charge the row to 105 ns. This delay significantly impacts the access time.
By reading more cells in parallel and exploiting the fact that each cell stores three
bits, it is possible to improve the read throughput by means of an architecture that
allows burst readings (see Chap. 11).
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Fig. 13.14. Current/voltage characteristics of the cells corresponding to the “101” logic
level
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Fig. 13.15. Word line staircase voltage

The comparison between the cell current and the current of the reference gen-
erator can be carried out with a classic sense amplifier structure, as sketched in
Fig. 13.16. The I/V converter has to pull down the V,,, potential so as to be lower
than V.. when the cell sinks more than 10 pA. The toggling of the comparator,
together with the voltage value the stairs has reached identifies the set of bits
stored in the memory cell.

Problem 13.5: Considering what discussed in Chap. 12, define the details of the sense am-
plifier in Fig. 13.16.

SK hynix Ex. 1009, Page 135 of 199



13.6 Sample & Hold Sense Amplifier 325

vDD VDD

VR EF VMAT

| | VGS
REF S

comparator Locic [ 101

Fig. 13.16. Schematic of the sense amplifier that performs the comparison between the cell
current and the reference generator (for example 10 pA)

13.6 Sample & Hold Sense Amplifier

The foregoing solution is not easily employed when more than three bits are
stored in the same cell. In fact, the necessity of higher and higher number of steps
for the word line voltage has an increasingly negative impact on the access time.
In this section, a sense amplifier that performs a sort of sample & hold operation
and also holds the value of the row voltage that caused the toggling is presented.

As we saw in Chap. 9, row and column decoders allow the unambiguous selec-
tion of the cells to read or program. The byte (or word) is made of cells that are
located on the same row but on different columns. In this way, the current drawn
by each cell is converted into a voltage. This kind of architecture does not permit
independent behavior of the word line for each cell unless a serial read is carried
out.

In order to separate the eight cells that compose the byte it is possible to adopt a
hierarchical row decoding. In Fig. 13.17 the typical structure of a hierarchical se-
lection of the word line is indicated. The local decoders separate the sectors, i.e.
the portions of the array that are simultaneously erased.

Figure 13.18 shows a different kind of hierarchical organization, in which the
same sector is further divided into blocks by means of local row decoders. In this
way, bits belonging to different bytes (or words) are grouped in the same block
and, therefore, each cell of the byte has its own local row. Using such a technique,
it is easy to design the sample & hold circuit which stores the row voltage. Figure
13.19 shows the sample & hold circuit of two cells belonging to the same byte but
located on different rows. For the sake of simplicity, in the representation of the
local decoder only the PMOS transistor (PY0, PY1) used to transfer the read volt-
age has been highlighted. The reader can refer to Sect. 9.12 for further details on
the structure of the local decoders.

SK hynix Ex. 1009, Page 136 of 199



326 13 Multilevel Read

Local Local
row decoder row decoder
sector0 ¥ sector 1
N ) s N ) s
Local row Local row
e » Global row
Global . ‘
row
decoder + .
+ +
— —
bit0 bit7 bit0 bit7
[ Column decoder J
Fig. 13.17. Hierarchical row decoding
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Fig. 13.18. Row decoder for sample & hold sense amplifiers

The voltage of the global rows increases linearly with time. When the compara-
tor signals that the cell sinks more than 10 pA (I...), the P1 p-channel transistor is
switched off. The local row voltage is then stored on the parasitic capacitance (0.5
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+ 1 pF), and is approximately the voltage reached by the main word line (MWL)
at the time the comparator commutes. Obviously, each local row (LWL) is able to
reach a voltage value independently of the other rows. We could imagine a voltage
ramp applied to the global row having 100 + 150 ns time duration, depending on
the number of levels to discriminate. The principle is to take the access time of a
standard 3 V bi-level flash memory as a reference, i.e. 70 ns typically. In the case
of 16 levels, 8 cells produce 32 output bits, which means 4 times the number of
bits of the bi-level memory that works by bytes.

The access time to read 4 bytes of a bi-level memory is therefore 280 ns, which
is the figure we refer to as a benchmark.

Let’s now determine how to read the voltage of the word line. In Fig. 13.20 the
circuitry of two cells is shown: let’s concentrate on the cell marked with the circle.
The voltage ramp is applied to MWL<1>, while YO<0> is active. In such condi-
tions, M1, M3, M5, and M7 are on while M4 and M8 are off. The only local row
that is high, as a result of the combination of the high main word line and YO<0>,
is the local row to which the indicated cell belongs. The MWL starts going up,
driven by the global row decoder (not indicated in the figure). When this cell sinks
10 pA, the comparator related to cell O triggers, turning M1 off and, hence, sam-
pling the local row. Meanwhile, M2 is on and M6 is off. The voltage of the ad-
dressed local row is transferred to the A/D converter through the wl-bit line. The
conversions of all the other cells that form the byte (word) are performed in paral-
lel. The local rows have transistor M2 in common, which is also connected to M6.

MWL<1>
P1 k)— P2 b—
bit line
*: E Y O<0>
PYO
L L
| LWL | LWL
PY1 F
| LWL

+ +
comparator comparator
lrer f % Irer

g

LI:’ YO<1>

=y

o

Fig. 13.19. Sample & hold sense amplifier for two bits: the voltage value reached by the
word line is hold in the parasitic capacitor of the row
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Fig. 13.20. Sample & hold sense amplifier of the line called “wl-bit line” that allows the

voltage of the word line to be transferred on M2 and M6 though the A/D converter

The problem is that M2 has a positive threshold voltage and, therefore, the
parasitic capacitor of the wl-bit line starts being charged only when main word
line 1 has passed the V, of M2. Given the V, voltage of the local word line, we
can calculate the V, voltage transferred to the A/D converter taking into account
the parasitic network shown in Fig. 13.21

Ve < Cyp + (VSH - VT,Mz ) Cp=Vyp- (CWL + CB)

A

_ _ B
Vio =V VT,MZ

Cp +Cy

(13.1)

(13.2)
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Considering the case in which C, >> C,, we obtain:
Vap =V — VT,MZ (13.3)

The above relationship assumes the body effect is negligible. In order to actu-
ally eliminate the contribution due to body effect, transistors M2 and M6 must be
fabricated in a triple well structure. Then the voltage that is input to the converter
is that of the word line minus a constant term.

MWL<1>

1.

Y O<0>

wi-bit line 1

________

Ce

Fig. 13.21. The parasitic capacitor limits and modifies the voltage transferred from the local
word line to the A/D converter

The solution proposed above suffers from the delay introduced by the circuit
used for the feedback (switching P1 off in Fig. 13.19). If the signal that drives the
loop opening does not operate properly, V , will be incorrect since it will contain a
AV term proportional to the delay. In fact, the ramp applied to the word line con-
tinues regardless whether the local word line is connected. An error due to the
loop delay will be more significant if the ramp rises quickly. The AV term can be
regarded as an offset, and therefore eliminated if it is independent of operating
conditions and of cell status. Another limit is due to the nature of the sample cir-
cuits: once the loop is open, the V, voltage is fixed and cannot be changed. Any
disturb that causes the comparator to toggle will result in an incorrect reading of
the cell contents.

13.7 Closed-Loop Voltage Sensing

Another way to implement voltage sensing is to use a real closed-loop feedback.
The difference between the current drawn by the selected and the reference cell
drives (more or less directly) a voltage source connected to the cell gate. Equilib-
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rium is reached when the two currents are equal. The gate is regulated to the volt-
age value that maintains a state of equilibrium. The block diagram of the closed-
loop voltage sensing is reported in Fig. 13.22.

SENSE AMPLIFIER

Low voltage stage: High voltage stage:
Differential current vDD VPC Transimpedance

Amplifier Amplifier

at
() E“ Word Line IN

Row Decoder Final Stage =

Fig. 13.22. Closed-loop voltage sensing approach

The advantage of this solution is the fact that the V  voltage settles only when
the current of the cell reaches the required value. Possible delays in the signal
propagation do not impact the final value but only the settling time. The main
problem of the closed-loop reading method is that high speed reading increases
power consumption. High speed means that the voltages involved have to vary
quickly, and the parasitic capacitors of the system has to be charged and dis-
charged with high current.

In order to realize the circuitry, it is possible to use a class AB amplifier with
two stages, as indicated in Fig. 13.23.

The class AB amplifier has good performances during both the word line
charging and discharging phase. This solution also minimizes the overshoots
caused by delays in the feedback. The choice to use a two-stage structure is
mainly due to the power consumption of the charge pumps. In fact, as one can see
in Fig. 13.23, only the second stage is biased by means of the VPCX (> VDD)
high voltage.

Let’s now move on to the analysis of the circuit. The bit line limiter is a con-
ventional common gate device, with M1 biased by inverter INV. The cell current
is mirrored by the first stage and compared with the reference current source. The
resulting current is amplified and buffered by the second stage. The bias circuit of
the HV stage, made up of transistors M4, M5, M10, and M11, is worth noting.
The operation is based on the principle of the current mirror, with a mirroring fac-
tor of unity. The input branch is made of two diode connected MOS’s (M10 and
M11), together with the I, source so as to control the current that flows in the
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13.7 Closed-Loop Voltage Sensing 331

branch. The voltage drop at the diode terminals is the same as the one between the
gates of M4 and M5. If a current is injected into the input branch, it is mirrored in
the output branch. Thus, due to the symmetry, node B has the same potential as
node F. In this way, the DC currents and voltages of the high voltage stage can be
controlled, without limiting the dynamic range.

LV stage HV stage
VPCX

C

VDD
IBL
k1
M’”l M4 M10
SAOUT
— INV M1 |
Bit Line
Limiter
_L_

Column
Decoder

—
9

I
l Row
Decoder

el

Fig. 13.23. Sense amplifier for closed loop voltage sensing

In order to speed up the sensing operation, the SAOUT output node can be set
to an intermediate potential during the precharging of the bit line. When the loop
is enabled, two transients can be obtained as shown in Fig. 13.24. If V, . reaches
a final value greater that the starting one, we have a constant current charging until
the cell starts sinking current, then a settling exponential behavior follows. In the
case when the steady-state potential value of the word line is lower than the pre-
charging voltage, we have an exponential discharge.
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|

Sour LSB MsB .
16 00 . /

. o1 '
10 }00 13 :
13— A 1 ;

Ref2

12— I A —
== 01 : e
e AV«
9— Ref 1 AVistr A 4 Ref2

=
’ 10 7.

MA

I

______

Real transient

Ref 0

U

AVastr > AV

MsB LsB

% conse | sonse tIns] .

t=0ns t=80ns =150 ns

(a) (b)

Fig. 13.24. (a) Transient of the sensing loop output voltage (the reference levels required
for the A/D conversion are also shown; solid lines: MSB references; dashed lines: LSB ref-
erences); (b) detail of the transient around point A for level 12 and 13

t

With this kind of read operation, it is possible to obtain access times around
200 ns in the case of 4-bits/cell memory. The consumption in terms of current
sourced by node VPCX is around some tens of microAmperes for each sense am-
plifier.

13.8 Hierarchical Row Decoding
for Multiple Sensing Loops

In order to close the loop it is necessary to find a way to apply the output voltage
of the regulator to the cell gate. The structure of the decoder is still the one shown
in Fig. 13.18, where a single sensing circuit has to be used for all the array blocks
that are vertically arranged. Before delving into the circuit details, it is important
to understand what kind of voltages we have to apply to the cell gate. During the
read phase, the minimum voltage that is read is typically around 1.5 V, and the
maximum voltage is around 7 V. In reality, the feedback loop represents a direct
path to also transfer the programming voltages to the cell gate , which typically
vary from 1 Vto 9 V.

The method to allow both modes of operation in the same row circuitry is ac-
complished by the insertion of an inverter in the schematic of the hierarchical de-
coder in Fig. 9.34, thus obtaining the schematic in Fig. 13.25. Such an inverter
must be driven by the MWL and, on the other hand, has to drive a metal row that
is realized within the block but performs the same functions as the MWL in the
hierarchical row decoder. For this reason it is named SUBMWL.
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13.8 Hierarchical Row Decoding for Multiple Sensing Loops 333

As for the hierarchical row decoder, SUBMWL is connected to 4 local word
lines. At this point, it is necessary to clarify that the V., voltage represents the
sense amplifier output voltage during the read operation, whereas, during the pro-
gram phase it represents the output voltage of the program voltage stairs. There-
fore, the M3 p-channel, operating as a pass transistor, closes the loop. Transistor
M5 is necessary to prevent non-addressed SUBMWL from being in a floating
condition.

Global row decoder ~ VPCX
Final Stage

MWL <0>

SAOUT

HVNE
G M3 body

SUBMWL<0>

NCH | HVNEG VPCX PCH
M5 |
DISCH HVNEG
HVNEG

Fig. 13.25. Introduction of SUBMWL in the hierarchical decoder

Actually, in this implementation, the structure has some drawbacks. In fact, it is
important to note that it is necessary to drive transistor M3 with low voltage in or-
der to transfer the output voltage of the sense amplifier to the cell gate, whereas
transistor M3 must be driven with high voltage to tie SUBMWL to ground. While
during read and program, the value of V,, is not necessarily known, and M3 can
be switched off only by applying to its gate the highest available voltage during
each specific operation. This means that only the selected MWL must be tied to
ground while all the unselected MWL’s must be at high voltage.

Global row decoder VPCX
Final Stage

MW L<0>

VPCX SAOUT

HVNEG body

SUBMWL<0>

NCH | HVNEG VPCX PCH
LWL

DISCH HVNEG

HVNEG HVNEG

Fig. 13.26. Introduction of a second inverter not to have selected MWL’s at low voltage
and unselected MWL’s at high voltage
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VPCX
T
_ _ MWL
SWicop SWloop
Global row decoddr LWL
Final Stage Lt
o oHH
— |
VPCX
_ _ MWL
SWioop SWicop
LWL LWL
o oH
= |
SAOUT SAOUT
MWL
VPCX SAQOUT
SWicop
SUBMWL<0>

LD = LOCAL DECODER

.||}_I_L

Fig. 13.27. Hierarchical row selection with separate addresses and analog voltage transmis-
sion functions

The problem is that the high voltages are generated internally by means of
charge pumps and the charging of considerable capacitance may significantly im-
pact the time needed to reach the required voltage. Thus, it would be better to be
in the opposite situation: a single MWL selected at high voltage and all the unse-
lected word lines tied to ground. The solution is the local insertion of an inverter
biased between VPCX and HVNEG, as indicated in Fig. 13.26.

At this point, we still have the problem of where to connect the bulk of M3.
Connecting it to the sense amplifier output would slow down the settling of the
output voltage since node SAOUT would have a very high capacitance especially
if a single sensing circuit is used for a row of vertical sectors, as previously de-
scribed. In fact, all the parasitic capacitors between the n-well and the p-substrate
of these transistors should be biased at V.

Therefore, we have to connect the bulk of M3 to the VPCX potential. However,
in this way, due to the body effect, the threshold voltage of M3 (9 V in the case of
VPCX) reaches 1.8 V and, hence, it is not sufficient to use only this transistor to
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transfer the sense output voltage to the SUBMWL’s, since it would not be possible
to transfer voltages around 1 V. It is then necessary to add an n-channel transistor
in parallel to M3, directly driven by the MWL.

With such a structure, the area occupation increases even though all the transis-
tors introduced have minimum size, but they still have to fit in the row pitch.

In conclusion the memory is organized as in Fig. 13.27.

13.9 A/D Conversion

The analog-to-digital conversion phase is the one in which the analog value of a
cell operating parameter (gate voltage or drain current) is translated into a digital
value.

The voltage (or the current sourced by the cell) is compared with a set of refer-
ences and, depending on the result of this comparison, it is possible to obtain the
value of the bit stored. Hereafter, some methods used to accomplish such a task
are proposed.

The first technique, directly derived from the bi-level case, is the comparison of
the analog value with respect to all the references. The comparison can be carried
out in parallel, in series, or in a hybrid way.

OUT<2n-1>

REF<2n-1>

>
o
<
4
OUT<3> o
ow
REF<3 w
<S> 'T 8
waT 22
u'_.l w
OUT<2> g
s
REF<2> &
L
=

MAT

OUT<1>

REF<1>

VAVAVAY,

Fig. 13.28. Parallel sensing architecture

The parallel method basically uses a flash-type A/D converter as shown in
Fig. 13.28. The final result is obtained during the time of a single evaluation. The
drawback is that one comparator is used for each level. Such a method is therefore
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expensive in terms of both area and power consumption, making it practically un-
feasible in the case of 16 levels. Furthermore, we would also have the problem of
reproducing the analog value derived from the array cell a large number of times,
with the resultant limitations in terms of precision. The decision of not using the
same array signal for all the converters is chiefly due to the need for limiting the
kick-back effect induced by the simultaneous toggling of a large number of com-
parators.

A method that does not introduce these disadvantages is the serial one: a single
comparator is used with obvious saving in terms of area and power consumption.
The voltage of the memory cell is applied to one of the comparator inputs, while
the references are applied to the other input, one at a time. According to the refer-
ence that has caused the comparator to toggle, the data are decoded. Two imple-
mentations are possible. In the standard serial method, the references are applied
to the comparator in a monotonic way. For example, starting from the lowest ref-
erence value and continuing in increasing order, the digital conversion is carried
out based on the number of levels compared (Fig. 13.29). Unfortunately, the dis-
advantage is that the conversion time depends on the data stored. In the case of 16
levels, 15 comparisons are necessary before accomplishing the decoding of data
corresponding to the last level.

MAT

compatator

n BITS

COUNTER
+
LOGIC

REFERENCES
GENERATOR

Fig. 13.29. Classic serial conversion method

If we design a more complicated control circuitry, the successive approxima-
tion method can be implemented. The read operation starts by comparing the ana-
log value of the cell parameter with the value of the center reference level (the
eighth in the case of 16 levels). Analyzing the result of this operation, it is possible
to determine which half of the range the stored values belong to. At this point, the
middle value of the selected range is chosen to perform the second comparison.
This operation is repeated until the data are decoded (Fig. 13.30). The number of
comparisons equals the number of bits stored in the single cell. Although faster
than the classic one, also this method is quite slow. It is also necessary to pay at-
tention to the area required for the additional logic so as not to waste the savings
due to the serial method.

To overcome the problems related to the methods previously described (power
consumption and area occupation for the parallel approach, long decoding time for
the serial one), a mixed approach has been developed, which represents a hybrid
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solution between serial and parallel. Theoretically, it represents a generalization of
the dichotomic serial method. The logic of the successive approximations is still
used but several comparison are performed in parallel. The dichotomic method al-
lows dividing the references in two groups. If the number of comparisons simulta-
neously performed is p, the references will be divided in (p + 1) groups. The op-
eration is then repeated on one of the (p + 1) groups, and so forth. In the case of 16
levels, it is possible to carry out the conversion in only two steps, decoding two
bits at a time, as shown in Fig. 13.31. In general, assuming that the same number
of bit (z) is decoded at each step, n/z steps are necessary to sense n levels. The
number of comparators that have to be used is (2° — 1). This method represents a
very good compromise between area consumption, power consumption, and tim-
ing performance.

MAT h
comparator
REF _
- _ SUCCESSIVE
_ APPROXIMATION n BITS
_ REGISTER
R B R
1. 2 3 4

Search Steps

Fig. 13.30. Dichotomic serial conversion method

MAT |
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: OUT<3>
12 — REF<C>
= SUCCESSIVE
B e APPROXIMATION
| OUT<2> REGISTER | n BITS
— +
- REF<B> CONTROL
T LOGIC
— MAT T3
- OuUT<1>
—_—
1 2 Search Steps s
_REF<A> |

REF<A>, REF<B> REF<C>| REFERENCES
GENERATOR

Fig. 13.31. Mixed parallel-serial sensing technique. During the first conversion step:
REF<A> = REF<4>, REF<B> = REF<8>, REF<C> = REF<12>
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13.10 Low Power Comparator

It should be noted that the voltage obtained as a result of signal production in a
voltage mode approach is equal to the programmed threshold voltage plus an
overdrive voltage AV which depends on the reference current drawn by the cell.
Signal recognition has therefore to process voltage signals placed in a range equal
to the available V. window shifted by AV. This implies a high input common
mode range (CMR) of the comparator, in the range of VPP (>VDD). As the power
efficiency of charge pumps is low and high reading parallelism has to be provided,
signal production and recognition must be carried out with limited power con-
sumption.

As a consequence, the comparator design aims at power consumption optimiza-
tion, while still ensuring the above input CMR as well as required comparison
time and accuracy. To achieve adequate sensitivity and high operational speed, the
comparator is made up by an input buffer followed by a regenerative stage. The
required accuracy is obtained by adopting an output offset storage technique.

Figure 13.32 shows the block diagram of the comparator. Blocks G, and G,
represent two fully differential stages, which share their load resistors R and R'.
The first stage (powered by VPP) is devoted to input signal buffering, providing a
low voltage gain (A, = 2) in order to minimize the current drawn from VPP.

BU c C,
Ve, - /S v,
| T s.
\\s, VPP
V'\ _/ - R A
Voo Vs Sa . G,. > _ / S.
S A
R
j s’ = s,
= ./ v,
v,
o BU' c,

|
U

Fig. 13.32. Simplified comparator block diagram

The second stage (powered by VDD), together with feedback-connected ca-
pacitors C, and C,', provides the regenerative action required to achieve high gain
at high speed.
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The two feedback capacitors are driven by unity-gain voltage buffers BU and
BU' (which are also powered by VDD) to minimize the capacitive load of output
nodes A and A".

Offset cancellation is carried out on both differential stages, so as to minimize
residual input-referred offset. Additional capacitors C, and C,' are used to reduce
clock feed-through effects generated when turning switches S,, S,' on and S, off.
V,, is a bias voltage.

To reduce total power dissipation, a two-phase offset cancellation technique
can be used. Indeed, this approach allows the time duration of the working phases
to be relaxed as compared to a three-phase approach with the same comparison
time.

In conventional two-phase offset cancellation techniques, the first working
phase provides input equalization and output offset storage, while input signal
amplification and output signal regeneration are carried out simultaneously in the
second working phase.

However, the comparator operation at the beginning of the second phase (that
is, when starting the regenerative action) is affected by disturbs coming when
opening the equalization switches of the input stage (S,, S,' and S,) and closing
input switches (S, and S,"). Indeed capacitive coupling with control phases, charge
injection, and charge sharing between input lines and the comparator inputs take
place. Moreover, the inverting input of the first differential stage suffers by larger
disturb effects as compared with its non-inverting counterpart, because the input
signal V  is common to all comparators in the sensing circuit. This can lead to
transient inversion in the input signal polarity, which triggers the regenerative
stage in the wrong direction. This effects turns out to be particularly severe in the
presence of a non negligible impedance of the input signal generator.

To overcome this drawback, a different working phase sequence can be
adopted. During the first phase, the input signal (V,, — V... is applied to the input
stage (S,, S,"on; S,, S,', S, off), while the input nodes of the regenerative stage are
equalized (S3, S3', S., on). This way, the input signal as well as offset contribu-
tions by both stage are amplified by a predetermined small factor, and the result-
ing voltage is stored on capacitors C, and C,'.

During the second phase, the input nodes of the first stage are equalized (S, S,'
off; S,, S,', S;, on), while the positive feedback around the second stage is enabled
(83, S3', S,, off). As a consequence of the input node equalization, a voltage drop
equal to G, ,R(V,, — V,..) takes place across the output terminals A and A', which,
in turn, causes a voltage imbalance across the input terminals of the regenerative
stage (nodes B and B '):

C

Ve =V =G, 'R'ﬁ
1 2

Ve =Vier ) (13.4)

The above voltage imbalance, which is offset compensated, starts the regenera-
tive action of the second stage, thus providing the desired high-speed large output
swing.

As the input terminals of the comparator are equalized by S, during the regen-
eration phase, any disturb effect at the comparator input can be regarded as a
common mode contribution and is therefore rejected by the input differential
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stage. Residual offset is mainly due to charge injection caused by the switches
connected to the input nodes of the regenerative stage, which are turned off at the
beginning of the second phase. To minimize the contribution due to mismatches
between S, and S, a small delay is provided before switching S, off. Moreover,
charge injection effects caused by the latter switch, are reduced by additional ca-
pacitors C, and C,".

Problem 13.6: Transform the block diagram in Fig. 13.32 in a circuit schematic.

With a comparator such as the one described above, a comparison time of about
20 nanoseconds can be achieved, assuming an input signal of 10 mV. The VPP
consumption is around 10 pA.
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15 Circuits Used in Program
and Erase Operations

Nowadays, every Flash memory device contains integrated charge pump circuits:
this feature is mandatory because power supplies have been reduced but at the
same time internal high voltages are required by the memory to get the electric
fields needed by both program and erase operations.

15.1 Introduction

In the past few years, the use of portable devices has considerably increased; the
key feature for these applications is reduced power consumption, which calls for
chips that operate from a single power supply. This is the main cause for the tran-
sition from dual voltage (VPP and VDD where VPP > VDD) to single voltage
(VDD) memory design. Moreover supply voltage tends to decrease in order to
limit power consumption.

One of the main issues related to voltage scaling is to insure the proper opera-
tion of the device, i.e. the correct execution of all those operation which call for
voltages greater than power supply, such as erase and program of the Flash mem-
ory (Table 15.1). In fact, the physical phenomena and the electrical fields that
must take place when these operations are executed are not possible with present
supply voltages (from 1.8 V to 3 V), unless the gate oxide thickness is reduced.
Such a solution cannot be implemented, since an excessive reduction of the oxide
thickness would negatively affect the ability of the cell to retain information, thus
compromising its reliability.

Table 15.1. Biasing of the terminals of the memory cell during the different operations

Operation N-well Ip-well Source Gate Drain
Read 3V ov ov 2...6V 0.8V

Program 3V -1/-2V ov 8V 45V
Erase 8V 8V 8V 8V Floating
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To summarize, the single voltage supply memories require circuits which are
able to generate the (high) voltages required by the various operations starting
from the (low) power supply. Such circuits are usually based on the charge pump
principle, and therefore they are often referred to as “charge pumps”.

15.2 Dual Voltage Devices

In the case of dual voltage devices, read, write and erase operations are carried out
using a high voltage, VPP, supplied to the flash memory. It is therefore unneces-
sary to have on-chip high voltage generators, since all the voltages greater than
VDD can be obtained from VPP through an appropriate voltage partitioning.

In addition, for devices realized using technologies without p-channel transis-
tors, the main issue is how to completely transfer such a voltage.

VPP PAD Xl—

VDD

Boost
control
circuitry

Iﬂ INTERNAL V

Ii ”EL ——|T__CLOAD

Fig. 15.1 VPP switch for an NMOS device

A circuit that can be used for this purpose is shown in Fig. 15.1. It is a circuit
where a bootstrap is used to bias the gate of the M, pass transistor at a value
greater than VPP to prevent the internal voltage from being limited by the V of
the pass itself. The only drawback of this circuit is related to the W of M2: this
transistor can be as wide as 1 mm if the load capacitances connected (to the out-
put) are significant (e.g. both row and column capacitances) and it is necessary to
charge them in a reasonable amount of time.

The externally provided voltage can be used to bias the gate or the drain of the
cells during program; depending on its usage, the circuit must be properly de-
signed and/or modified.
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15.2 Dual Voltage Devices 363

If the VPP voltage is used to bias the gate of the cells, then the node called
INTERNAL V, i.e. the node of the circuit shown in Fig. 15.1, is connected to the
supply node of the row decoder.

The switch described above can be used to transfer into the chip both VPP and
VDD voltages as shown in Fig. 15.2. Again, the main issue is the size of M,; in
order to minimize this device, the circuit that requires the VDD supply during the
read operation must be carefully selected.

VPP PAD |Z|— —|Z| VDD PAD

—C M, M, J——

Boost
control
circuitry

Boost
control

circuitry INTERNAL V

L,
I_,_ll

i T j'i

Fig. 15.2. VPC switch for the first NMOS devices

VPP PAD |Z|—

VDD

-

VBIAS I: M

ADDRESS —

\ \

BIT LINE N BIT LINE N+1

Fig. 15.3. Drain voltage without regulation
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Whenever the voltage is used to bias the drain of the cell, it is necessary to em-
ploy a feedback circuit to regulate the voltage to the proper range, rather than let
the voltage be determined only by the size of M, and by the value of V,, of its
gate. In fact, V,,, is determined by the inverter that drives transistor M, (Fig.
15.3). Variations of VPP, temperature and current sunk by the cell can therefore
cause a wide variation on the voltage applied to the drain.

VPP PAD X’*

Fig. 15.4. Regulated drain voltage

The variation above described can be avoided by inserting a simple regulator as
shown in Fig. 15.4. When the circuit is switched on, the voltage of node A in-
creases until it turns on M,. The gate of M, is biased at a voltage value that is de-
termined by the drive ratio between M, and M,. At this point, if the voltage of
node A tried to increase, M, would absorb more current from VDD, thus causing
the gate voltage of M, to decrease. Of course, the opposite would happen in case
the voltage of node A tended to decrease.

15.3 Charge Pumps

Figure 15.5 shows the basic scheme of a charge pump: it is composed of a series
of diodes and capacitors. Diodes are required to establish the direction of the cur-
rent flow, while the main task of the capacitors is to accumulate the charge that is
then transferred from one capacitor to the next capacitor, by driving the capacitors
with the alternate phases CK and CK# (Fig. 15.6). A storage capacitor is placed at
the output of the pump, to hold the final voltage.
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Fig. 15.5. Basic scheme of a charge pump

< >
T

Fig. 15.6. CK and CK# phases; T is the clock period

Two important physical phenomena are the bases for the operation of a charge
pump. The former is related to the basic capacitor characteristic: the voltage
across the capacitor cannot change instantaneously, as shown in Fig. 15.7; the lat-
ter is the so called charge sharing phenomenon, which takes place when two ca-
pacitors precharged at different voltages are short-circuited. From Fig. 15.8 it fol-
lows that the final voltage of the short-circuited node depends on the initial

voltages of the two capacitors as well as on their relative dimensions.

Vout = 3V Vout = 6V
\V 4
c > c
6 Vout
3 Vin
Vin = 0V Vin = 3V t

Fig. 15.7. Voltage variation at the terminals of a capacitor
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V1 = Vf2
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Fig. 15.8. Charge sharing principle

To understand how a charge pump works it is helpful to assume that:

e Diodes have a null threshold voltage;

o All transfer capacitors C, are of the same size;

e CK and CK# are square waveforms (where CK# is the negated version of CK),
initially at ground;

e S. nodes are initially precharged to VDD

At the power up of the CK and CK# signals, charge storage and transfer begin:

1. when CK goes from ground to VDD, S, becomes equal to 2 VDD (the initial
value (VDD) + VDD). At this point, a portion of the charge previously stored
in capacitor C,, is transferred to capacitor C,,. Transfer stops when the voltage
of node S, is equal to the voltage of node S,. Diode D, prevents the charge from
going back to the supply of the circuit, forcing the charge to go into capacitor
Cps

2. when CK goes from VDD to ground CK# rises from ground to VDD and ca-
pacitor C,, then transfers a portion of its stored charge to capacitor C,,. At the
same time capacitor C,, that partially discharged during the previous phase is
recharged to the value of VDD.

The voltage of the output node continues to increase by an increment that be-
comes smaller and smaller until the voltage V, reaches the value of
VDD + n VDD, where n is equal to the number of stages of the pump, while the
internal nodes voltage reaches a maximum value of V(S)) = VDD + iVDD. As
soon as these voltages are reached, no further charge transfer across the diodes
takes place.

Following an example shows how the voltages at nodes S, and V. of an ideal,
three-stages pump vary (Fig. 15.9). A power supply of 3 V and a storage capacitor
are assumed.

The initial conditions for the circuit are those previously described: CK and
CK# are at ground while the intermediate stages S, and the output node V
precharged at VDD.

ouT are
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T TT L

CK# CK —
Fig. 15.9. Three-stages charge pump

As soon as the circuit is activated, CK goes to VDD, while CK# remains at
ground. S, and S,, thanks to the boost effect, will instantaneously charge at a volt-
age equal to 6 V and they will start to transfer charge to capacitor C,, and to the
storage capacitor Cg,.. respectively. In this way the voltages at the terminals of
C,, and C,, decrease, while the voltages at the terminals of C,, and C,,, increase.
Assuming that all the capacitors have the same size and that the voltage drop on
diodes is zero, it follows that the charge transfer stops as soon as the voltages at
the terminals of the two pairs of capacitors are equal, i.e. when S, =S, =4.5V and
S, =V, =45V.

S, is initially greater than S, owing to the way the capacitances have been
driven, i.e. by means of alternate signals CK and CK#. Diode D, is therefore re-
verse-biased and charge moves exclusively from C,, to C,.

On the other hand, a boost is applied to C,, and Cw and when CK goes to
GND, S, and S, go to 1.5V (4.5 V - VDD). Meanwhile CK# has reached VDD
and therefore voltage S, becomes equal to 7.5 V (4.5 V + VDD). At this point C,
starts to transfer charge to C,. But now C, is precharged at 1.5 V, therefore the
final voltage on nodes S, and S, is equal to 4.5 V. At the same time capacitor C,,
charges to VDD through diode D, that allows charge flow from VDD to C, as it is
forward-biased.

Summing up, at the end of a clock period we have:

S,=3V,
S,=15YV,
S,=45YV,
Vor=45V
At the end of the second clock period we get:
S,=3V,
S,=2.25V,
S,=5.25V,
Vor=525V

ouT
Although, at a first glance, it seems that V, is the only voltage tending to in-

crease, it is easy to realize that the voltage of each single node increases as the cy-
cles continue.

Maximum output voltage that can be achievable when no current load is con-
nected to the output is:

Viyux =VDD +nVDD (15.1)
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In the previous example V,,,, isequal to 12V 3V +3-3V)
Since the charge transferred at each clock cycle of either CK or CK# is:

0 =C,-AV =C, VDD (15.2)

the current provided on the output in a clock period T is equal to:

=9 _Cr VDD (15.3)
T T
From Eq. (15.1) and Eq. (15.3) it is easy to obtain the output resistance of the

pump:

r = Voax —Vsuerry _ (n+1)-vDD —VDD I
P 1 Q Cr
T

(15.4)

As an example, Fig. 15.10 shows the plot of the output resistance of a pump
implemented in a device.

14

12-\.\
10

(o]

Voltage [V]
[e)]

0 : : ‘
0 0.5 1 1.5 2 2.5
Current [mA]

Fig. 15.10. Output resistance of a 3 V supplied charge pump made up of 4 stages.

Anyway it is necessary to point out that this equation holds true if and only if
there is a complete transfer of the stored charges between a capacitor (C,;) and the
subsequent one (C,,,).

As far as we have seen until now, charge pump can be considered as a V,,,
voltage generator with a series resistor R; therefore if a load sinking a constant
current I, were connected to the output, the general value for the voltage V
would be:

1,T
Vour =Vuax —nCO—: Viax —Rp1g (15.5)
T

SK hynix Ex. 1009, Page 160 of 199



15.3 Charge Pumps 369

In this case, C,; capacitors must provide a charge equal to q =1, - T to the output
at each clock period T. For this reason a reduction of the voltage value occurs for
both the corresponding nodes S, and for the output node.

Now that the operating principle of the pump should be clear, it is possible to
get nearer to the “real” model, taking into account the fact that the inserted diodes
have a threshold voltage not equal to zero, which we will refer to as V in the fol-
lowing.

In this case the output voltage, as well as the voltage of the intermediate stages,
is smaller than the voltage we have considered so far. In fact the charge transfer
from capacitor C,, to capacitor C,,,, ends as soon as the voltage of the i - th stage is
equal to the voltage of the (i + 1) - th minus V, simply because at this point the
diode between the two stages becomes an open circuit. Resulting V,,,, voltage is
therefore:

Viax =VDD =V +n-(VDD —V ) (15.6)

It is important to point out that the size of the diodes must be carefully chosen:
if they are too big, the associated area, which equates to capacitance, is no longer
negligible, while if they are too small then the resistance of the pump R, becomes
high because of the series resistance represented by the diodes themselves.

What happens if we increase the number of stages? Considering Eq. (15.4) and
Eq. (15.6), two opposite effects take place: on one hand, output voltage V,,,,, in-
creases; on the other hand, resistance R, increases as well. The latter result is far
from being desirable, because whenever a current absorption occurs, a high value
of resistance implies a considerable decrease of the voltage V. (which, in reality,
is the available voltage) with respect to V..

Observing Eq. (15.4) we could think about reducing the resistance of the pump
R, by modifying either the size of the transfer capacitors or the duration of the
clock period. Both solutions are not recommended.

Indeed it is a fact that there is usually a limited range of clock periods (often
just one clock period) that allow us to get the maximum output voltage; such a pe-
riod is often referred to as optimum. Figure 15.11 shows voltage V. of a pump as
a function of different clock periods. It is worth noting that as the current absorbed
by the pump varies, V. changes as is expected, while the optimum period does
not vary.

The reason behind the existence of a limited range of values is related to the
non-ideality of the components used to realize the pump: in fact, in spite of what
happens in the ideal pump, charge transfer from one capacitor to the following one
does not take place instantaneously, but it depends on several factors like, for in-
stance, the threshold voltage of the diodes, the driving capability of CK and CK#
phases generators, typical leakage currents of the capacitors, parasitic capacitan-
ces, etc.

To summarize, reducing the clock period while maintaining the size of the ca-
pacitors could prevent a complete transfer of the stored charge from happening:
the driving of the capacitor would be less effective and the output voltage would
not be at its maximum; the same undesired result would be achieved if the size of
the capacitors were increased without changing clock period.

ouT

ouT
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Fig. 15.11. Optimum period for a charge pump

Among the non-ideality previously listed, parasitic capacitances deserve further
discussion. By “parasitic capacitances” we mean all those capacitances connected
(directly or indirectly) to the transfer capacitors. They are charged during one half-
cycle, and in the following half-cycle they transfer the accumulated charge to-
wards ground, instead of transferring it to the storage capacitors.

The charge of these capacitors is therefore necessary for the proper operation of
the circuit, since their presence can not be avoided but it is counterproductive to
generating the output voltage because part of the charge is “stolen” from the trans-
fer capacitors. Going further into detail, the parasitic capacitance C, consists of:

1. capacitance between the lower plate of the capacitor and ground;

2. capacitance between the upper plate of the capacitor and ground;

3. capacitance between the anode-substrate and the cathode-substrate typical for
the diode.

Resulting voltage V,,,, taking this effect into account is:

Viax =VDD =V +”'(—C Cr VDD -V ) (15.7)

rtCp

where C, is the value of the transfer capacitors.

Designing a charge pump, therefore, means to explore solutions to realize an
ideal voltage generator by overcoming the non ideal characteristics of compo-
nents, which tend to limit the output voltage below the ideal value.

15.4 Different Types of Charge Pumps

Thanks to the continuous improvements of technologies to realize memory de-
vices and the evolution of the electronic circuits design techniques, novel designs
of charge pumps have been devised, which have improved performance, reduced
R, resistance and increased output voltage.
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15.4.1 Dickson Pump Based on Bipolar Diodes

The Dickson pump is the one of the oldest type of pump, and from a structural
point of view it is identical to the pump shown in Fig. 15.5: an alternating series of
diodes and transfer capacitors driven by two opposite phases (CK and CK#),
which in turn do not need delays or phase shift.

Even if both the pump and the phase generator are quite easy from a circuital
point of view, such a structure cannot be effectively realized in those technologies
where triple-well is not available. In fact, in order to design a working circuit, it is
advantageous to use bipolar diodes, which are typically realized by means of n+
diffusion in a p-well tub.

15.4.2 Dickson Pump Based on Transistor-Based Diodes
In order to make the charge pump independent of a given technology, it is possible

to substitute the bipolar diodes of the pump previously described with diodes real-
ized using properly connected MOS transistors as shown in Fig. 15.12.

VDD

Fig. 15.12 Diodes realized using MOS transistors

One of the advantages of this solution is that the latch-up phenomenon, which
is typical of pumps based on bipolar diodes, can be avoided. The first issue to
cope with when designing this pump is the choice of where to connect the body
terminal of the inserted transistors. The only possible solution is to connect the
bulk of the NMOS (diode-connected) to ground if we want to use NMOS transis-
tors without triple well. Indeed, in this way we are guaranteed that the body is not
only connected to the lowest voltage of the circuit, but also that it is stable. Even if
such a solution leads to a relatively simple circuit, the drawback is that the output
voltage is considerably reduced because of body effect. In fact, the threshold volt-
age of the transistors tends to increase stage after stage until it reaches its maxi-
mum value on the output transistor. If we decide to replace the diodes with PMOS
transistors instead of NMOS, the issue of where to connect the body must be con-
sidered, since it is difficult to say which voltage best fits, considering the behavior
of the voltages at the terminals of the transistors; indeed, it is not possible to find a
voltage between drain and source which is constantly higher.
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There are simple solutions that overcome the body effect issue; the drawback is
that in the case of an NMOS it is again necessary to use a triple well technology in
order to be able to connect the bulk to a voltage that is different from the substrate
voltage.

Figure 15.13 shows an example of a bulk bias circuit: it is a voltage divider cir-
cuit composed of diodes: the voltage of the intermediate nodes can be used to bias
the bulk of each charge pump transistor. Diodes are used instead of resistors in or-
der to save area with the same power consumption; moreover since the current is
provided by the pump, only a minimum current can be used, without compromis-
ing the performance of the pump itself. From Fig. 15.13 it is possible to see that
the intermediate nodes of the divider (P,) are connected to the bulk through a
NMOS diode-connected transistor and a capacitor. These elements are used to fil-
ter the voltage of nodes P, since these nodes are not fixed, but they have an oscilla-
tion proportional to the output voltage oscillation (which in turn is related to the
current required on the output).

Using this structure, called a bulk biaser, it is possible to reduce the body effect
by connecting the bulk nodes of the pump transistors to a voltage slightly lower
than the corresponding drain and source nodes.

Fig. 15.13. Bulk biaser

Alternatively, a dynamic biasing of the bulk nodes could be devised. The struc-
ture shown in Fig. 15.14 allows biasing the bulk nodes of the pump transistors to
the lowest voltage between drain and source of the transistor (or the highest one in
case the same structure would have been realized using PMOS transistors) exploit-
ing the stages of the pump itself. The disadvantage of this solution is that the bulk
nodes of the pump might be not biased during the transient between one semi-
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period and the following one, because of the delay between the turning on of the
two transistors M,, M,. This risk must be carefully evaluated in the design phase
taking into account the parasitic capacitances that influence the stages, the tubs of
the stages themselves, the commutation time of the phases, etc.

BULK,
s, | s,

L Im L_Im

= LI,

Fig. 15.14. Dynamic biasing of the bulk nodes

Problem 15.1: Analyze in detail the behavior of the circuit in Fig. 15.14.

The performance of the pump that uses the diode-connected transistors instead
of the bipolar diodes is influenced by two effects:
1. parasitic resistance of the transistor, that effects the optimum period;
2. the threshold voltage of the transistors, which is typically higher than the turn
on voltage of a bipolar diode, which directly effects the output voltage V.

Since the two solutions (NMOS/PMOS) share the same issues, it is reasonable
to wonder if one is better than the other, and why.

The pumps realized with PMOS are for sure simple and reliable architectures.
Anyway, in order to have a negligible parasitic resistance introduced by the tran-
sistor (in particular if supply voltage is very low, e.g. 1.8 V), the size of the tran-
sistor must be quite big, and area occupation becomes an issue.

On the other hand, the use of NMOS transistors realized in triple well is the
only way to reduce the body effect. In this case it is mandatory to control the bias-
ing of each well of the transistor, in order to prevent any forward biasing of the
junctions.

15.4.3 Charge Pump Based on Pass Transistors

The diodes inside the pump are needed to establish the current direction and to
prevent any charge from flowing towards the previous stage. The main drawback
of the use of such components, apart from the technological complexity to realize
them, is their high threshold voltage, i.e. the need of having a consistent voltage
difference between drain and source, in order to have a charge transfer. It is clear
that under these conditions the charge transfer between one stage and the follow-
ing one cannot be complete.

The alternative to the diodes to obtain both charge transfer and node connec-
tions is represented by transistors used as switches. MOS behavior is involved, i.e.
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if the voltage applied to the gate is lower than its V, the transistor is turned off,
therefore there is no charge transfer and it is equivalent to an open switch. On the
other hand if the voltage applied to the gate is higher than V,, then there is a com-
plete current transfer with a minimum voltage drop equal to the turn-on resistance
of the transistor R, multiplied by the transferred current. In the latter case, the
transistor is equivalent to a closed switch

The circuit inevitably gets more complex and it occupies a larger area. In fact,
besides the transfer capacitors and the two phases already present in a simple
pump circuit, it is necessary to add two boost capacitors and two additional phases
to better drive the switches as shown in Fig. 15.15.

Let’s suppose to transfer charge from capacitor C_, to capacitor C,, and at the
same time to block the charge transfer between the two consecutive capacitors
(C,and C_,)).

T+1

Fig. 15.15. Internal stages for a pump using pass-transistors

Let’s start from the condition where no charge transfer occurs, i.e. pass transis-
tors are switched off, and therefore B and D are at GND and C is at VDD. In this
case, the gate of transistor M, is biased at a low potential (it is difficult to specify
the value since it depends on the stage we are looking at and on the amount of dis-
charge on C, in the meanwhile), while node S is biased at VDD.

At this point, as it is possible to see from Fig. 15.16, phase A is triggered, thus
applying the bootstrap to node S, and transistor M, is turned off (C is still active)
it is possible to precharge the upper plate of the capacitor C, which drives the gate
of the pass transistor M,. Once this phase is over, it is necessary that C returns to
GND and that the gate of M, reaches a value that allows charge transfer between
C,, and C,. This condition can be obtained by activating phase B for an interval
corresponding to a complete charge transfer between the two capacitors. Once the
transfer is over, all the operations are repeated in reverse order: first B is lowered
to GND, then phase C rises. Indeed at this point capacitor C, connected to the gate
of transistor M, pre-charges as long as A is active. When phase D is activated,
charge transfer between C, and C__, starts.

The biasing of the bulks of the pass-transistors exhibits the same issues encoun-
tered with the pumps where diodes where implemented using transistors (see
Sect. 15.4.2).
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Fig. 15.16. Timing diagram of the phases for the pass-transistor pump: 1) precharge of ca-
pacitor C, of transistor M, 2) charge transfer between capacitors C_, and C,, 3) precharge
of capacitor C, of transistor M,, 4) charge transfer between capacitors C and C_

If we could use N-channel transistors in triple-well, we might think about con-
necting the body of the switch to its drain.

In this way, not only do we save area on silicon, because structure like bulk bi-
aser or dynamic bulk biaser are no longer required, but we also have a positive
side effect, i.e. a bipolar diode is created inside the triple well transistor (Fig.
15.17), which starts transferring charge as soon as the voltage difference between
drain and source is equal to its V.. This fact has several consequences. On one
hand it is possible to start the charge transfer from one capacitor to the following
one earlier and the resistance for the NMOS transistor is reduced, since the charge
transfer takes place through two paths: one is the channel when the MOS is acti-
vated, the other one is the bipolar (at least until the bipolar diode is active). On the
other hand, the pre-charge of capacitors C, might be still incomplete, therefore the
boost of the gate of the transistors might become inefficient. Another issue due to
the presence of the bipolar is the possibility that latch-up phenomena occur.

To transfer the charges from the last transfer capacitor to the storage capacitor
on the output a diode-connected transistor or a further pass-transistor can be used.
Both solutions have pros and cons.

A diode-connected transistor has the advantage of being easily designed, while
the disadvantage is that it requires a voltage difference at its terminal in order to
operate correctly; as a consequence the voltage transferred to the output is equal to
the voltage of the last stage minus the threshold voltage of the diode. On the con-
trary, the pass-transistor allows transferring all the voltage to the output, but it re-
quires a boost structure for its gate (identical to the one required by the internal
stages of the pump) to be properly driven, i.e. to be able to correctly transfer the
voltage. Power consumption increases when this pump structure is compared to
the pumps previously seen. In fact the phases must be created “ad hoc”: delays
must be carefully introduced so that under every operating condition of the pump
simultaneous boost of the pass-transistors or of capacitors belonging to different

SK hynix Ex. 1009, Page 167 of 199



376 15 Circuits Used in Program and Erase Operations

stages are avoided. Therefore the phase generator grows in complexity and its
power consumption grows as well. Furthermore part of the charge stored in the
transfer capacitors is used to precharge capacitor C, placed on the gate of the pass-
transistor. As a consequence not all the charge is transferred, but part of it is lost
for this operation.

n\W ijp D

Buried layer p substrate

Fig. 15.17. Charge transfer using bipolar parasitic diode

15.4.4 Voltage Doubler

Another circuit whose task is to raise the voltage, also known in literature as volt-
age doubler, is shown in Fig. 15.18. It is a feedback system that can duplicate the
power supply, and it is composed of two n-channel transistors, (M, and M,,) and
two capacitors (C,, and C,,) of the same size.

In order to understand the principle of operation of this circuit it can be as-
sumed that, at the beginning, nodes A and B, as well as phases CK and CK#, are
at GND. In this way, both transistors M, and M,, are turned off.

VDD
A B

CT1—|_ —|_ CTZ
CK CK#

Fig. 15.18. Voltage doubler
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As soon as CK phase toggles from GND to VDD, the value of node A becomes
VDD, activating transistor M,,. Since phase CK# remains at GND, the charge
starts flowing from power supply to capacitor C, until B reaches a value equal to
VDD - V..., When phase CK goes to GND again, it brings node A along, thus
turning off transistor M,. Now phase CK# gets to the value of VDD, therefore the
value of node B becomes VDD - V_,,., + VDD turning on transistor M, through
which C is charged until it reaches VDD. Of course when CK# goes to GND
again, node B is biased at a voltage equal to VDD — V... At this point the phases
repeat. It is worth noting that each capacitance is boosted first, then charged,
changing its value from VDD to 2 VDD. Since these operations are performed al-
ternately on each half of the circuit, during a whole period either node A or node
B is at 2 VDD (thus the reason for calling this circuit a “voltage doubler”). If, at
this point, it is possible to design a circuit that can transmit on its output the
2 VDD voltage, independently of which node (either A or B) is biased at that
value, then passing from the voltage doubler to the charge pump is relatively sim-
ple: in fact, it is sufficient to repeat such a structure where the output of a stage is
used as the supply voltage for the following stage.

A PMOS output stage properly connected to nodes A and B, as the one shown
in Fig. 15.19, is the simplest circuit to obtain an output voltage of 2 VDD: when
CK is at VDD, A is at 2 VDD, while B is at VDD. Transistor M,, is therefore
turned off, while M, is active, transferring the voltage of node A to node OUT. In
the meanwhile M,, is turned off and M,, is turned on, charging capacitor C,,.
When CK goes back to GND and CK# becomes VDD, then the circuit behaves in
the opposite way: M,, and M,, are active (the former charges capacitor C,,, the lat-
ter transfers the voltage of node B to the output) while M, and M, are turned off.
The way the circuit is conceived, there are no direct paths between VDD and node
OUT: these paths would jeopardize the functionality of the circuit itself.

Also in this case, the issue of the bulk biasing of the transistors exists (of course
under the assumption that triple-well NMOS are used).

VDD

ouT

Fig. 15.19. Voltage doubler with PMOS output stage
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Again, the solutions described in previous sections apply, and the same pros
and cons hold true: one solution is to connect the bulk terminal to the power sup-
ply for the n-channel transistor and to the output node for the p-channel transistor,
another one is the “dynamic biasing” of the bulk nodes. Figure 15.20 represents a
possible circuit solution that allows keeping the body of the NMOS transistors to
the lowest voltage, and the body of the PMOS transistors to the highest voltage,
under any circumstances.

ouT

Fig. 15.20. Biasing of the bulk nodes of the transistors

A small specification is required at this point: when more stages are cascaded to
realize a pump as shown in Fig. 15.21, we can decide to drive the capacitances of
the stage with a signal whose swing is either GND/VDD or GND/supply of the
stage. In the former case, the gain of each stage is about VDD; in the latter the
gain is about 2 VDD. In any case, from an implementation point of view, the for-
mer solution is preferable.

\iD ~ ~ ~
ALD Vi
~ ~ —~ T

G

Fig. 15.21 Implementation of a charge pump by cascading a series of voltage doubler cir-
cuits; VOUT output voltage is equal to (n+ 1) VDD if CK and CK# signals have a 0
— VDD swing, while it is equal to 2" VDD if the swing of CK and CK# for the i-th stage is
0 — supply of the i-th stage
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This structure has several advantages:

— the possibility of driving the capacitances using only two complemented
phases. This implies a relatively simple phase generator circuit with respect to
the one used in the pumps described in the previous section;

— the possibility of realizing the circuit using “low voltage” transistors (i.e. tran-
sistors that can bear a voltage difference at their terminal lower than power
supply) since the voltage difference at the terminals of each transistor does not
go above VDD in any operating phase of the circuit;

— no boost capacitors are required for the pass transistors (since we can use the
one implemented for the charge transfer), thus achieving a reduction of the area
occupation and limiting the dissipated power to the one really needed to pro-
duce the desired voltage;

— adecrease of the ripple that naturally comes from the pump.

In fact, due to the operation of the charge pump and of the capacitors in gen-
eral, the output of the pump is more or less noisy depending on the phase that is
toggling at a given time. Let’s refer to Fig. 15.5: when the clock CK goes high, the
charge stored in the capacitor C, is transferred to the storage capacitor. V. in-
stantaneously charges to a value equal to the previous one plus the supply voltage;
the corresponding waveform will show at that time an upward peak; then V. dis-
charges until CK goes back to GND and CK# goes to VDD. The waveform of
Vo Will show an upward peak again, but its height is less than the previous case,
since the charge is now shared between two capacitors (i.e. C,, and Cg,.). Now
the discharge of V, occurs again until the new phase comes in.

When talking about “ripple”, we generally refer to the height of the “peaks”
that can be found in the output node waveform.

Analyzing the output of the voltage doubler as a function of different frequen-
cies it can be seen that it is better if the clock is as short as possible. This fact can
be a limitation for the circuit, since in these kinds of applications, the clock gen-
erators are often the result of a trade-off between area occupation and precision: in
other words the risk is that it may be difficult to implement structures that occupy
a small area and at the same time guarantee the same clock period as voltage and
temperature conditions vary.

15.4.5 Voltage Tripler

This circuit is derived from the voltage doubler and provides an output voltage
whose value is three times the supply voltage value.

Figure 15.22 shows the schematic of such a stage.

Since the structure is symmetric, it is possible to understand the circuit behavior
by studying just one half of it. Let’s start again from the condition where both CK
and CK# are forced to GND, i.e. all the transistors are turned off. When CK goes
to VDD, CK# remains at GND. Under these conditions, B is biased at VDD, A is
biased at 2 VDD and since M, is turned on, D is biased at VDD. On the contrary,
F is driven to GND by M, and transistor M,, is turned off.
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Fig. 15.22. Voltage Tripler

When CK# goes from GND to VDD, then B goes to 2 VDD while A goes to
VDD, thus turning off M,,. M, is turned off as well, since it is driven by the sig-
nal CK that is at GND. M,, is turned on instead, and it short-circuits nodes B and
F. Therefore F reaches a voltage of 2 VDD and, due to the boost effect, D is bi-
ased at 3 VDD.

The behavior of the portion of the circuit not analyzed yet is essentially com-
plementary. In fact, when CK# is at VDD, capacitor C,, is precharged at VDD:
node C is kept at VDD, while E is driven to GND by M,,; when CK# is at GND,
then E is biased at 2 VDD and C, due to the boost effect, is biased at 3 VDD.

At this point, we just need a structure that is able to output the 3 VDD voltage
at each clock cycle. To achieve this result, we can use again the structure shown in
Fig. 15.19.

Also in this case we need to cascade several stages in order to build a pump,
and the output of a stage must be used as the power supply for the following one.
If N is the number of cascaded stages, then the maximum voltage that can be
achieved is equal to:

- V,ux =N +2) VDD if the phases that drive the stages have a GND/VDD
swing (it is worth noting that the (n + 2) factor is due to the fact that for all the
stages there is a voltage increment equal to VDD except for the first one, whose
increment is 2 VDD);

— V. =3" VDD, if the phases that drive the stages have a swing between

grl\g:);nd and the voltage of the driven stage.

Contrary to the two-phases pump analyzed above, this pump cannot be imple-
mented using low voltage transistors only, since the voltage drop at the terminals
of the transistors can go above VDD under certain operating conditions.
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15.5 High Voltage Limiter

The voltage generated by the charge pump linearly varies as a function of the sup-

ply voltage. Taking into consideration that in certain applications the difference

between the minimum and maximum supply voltage can be about a Volt (e.g. the

devices that work with a power supply equal to 3 V must work at both 2.7 V and

3.6 V), the following two situations might both occur if we implement any sort of

charge pump structure with a given and predefined number of stages:

1. get the voltage required by the operation that we want to perform on the cell,
using a low supply voltage;

2. get a voltage that is above the maximum limit for the oxides of the cells, if we
use high supply voltages.

Therefore it would be useful to cascade the charge pump with a structure that,
acting on the pump itself, is able to limit the output voltage V , to a value that
cannot damage the memory cells, and acts independently from the supply voltage.

There are mainly two ways to achieve this result, i.e. applying either a continu-
ous or an ON/OFF regulation. If the clock of the pump is realized using an oscilla-
tor (a cascade of an odd number of closed-loop inverters), it is quite simple to
achieve a continuous regulation: it is sufficient to vary the number of inverters that
compose the oscillator, thus obtaining a variation of the clock frequency. On the
other hand, an ON/OFF regulation does not structurally change the clock genera-
tor, but the different phases that drive the capacitors of the pump are kept at
ground when the pump itself has to be stopped. In general it is preferable to act on
the phase generator if this structure is available, otherwise it is the clock generator
that is turned on and off.

A typical circuit used for the ON/OFF regulation is the high regulator shown in
Fig. 15.23.

ouT

Fig. 15.23. High Regulator for the ON/OFF regulation
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The output voltage of the pump, V., is sent to a divider circuit composed of
low-conductivity diodes in order to limit as much as possible the current consump-
tion of the charge pump. Voltage V,,.,, whose behavior is the same as V, in a
smaller scale, is tapped from the divider circuit and compared with a reference
voltage, V.. As soon as V,,., becomes greater than V., V,, becomes VDD and
PHEN goes to ‘0’: the charge pump phases are immediately forced to GND, so
that no charge transfer can occur between the capacitors; in this case, V,,, voltage
can only decrease since the charge absorbed by the circuits connected to V., is
not “replaced”. Therefore V,,,, decreases as well and as soon as it becomes
smaller than V., V., goes to GND and PHEN goes to VDD, thus turning on
again the charge pump.

The effect of the limitation of the pump output voltage, V., to a precise value,
is evident if the plot of the output resistance is analyzed: as shown in Fig. 15.24,
the output voltage of the pump is about 8 V when the current absorption is be-
tween O and 1.2 mA; in the case of higher absorption, the regulator remains inac-
tive.

From the description of the behavior of the high regulator, it should be clear
that the value of the voltage which V, is limited to can be easily changed by
varying the reference voltage V.

-
N
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o N
!

oo

L 3
4

Voltage [V]

0 ‘ ‘ T T
0 0.5

1 1.5
Current [mA]
—&— With_reg —il— Without_reg

Fig. 15.24. Comparison between the output voltages of the same pump obtained with and
without the use of a high regulator
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15.6 Charge Pumps for Negative Voltages

Apart from the positive voltages, it is necessary to generate negative voltages in-
side the memory in order to bias the gate of the cells during the erase operation.
Usually the negative pump is dimensioned by considering the time that is targeted
to bias the gates of all the cells to be erased and therefore not taking into account a
specific current demand (since no current is absorbed through the gate).

The operating principle of a negative pump is the charge transfer between one
capacitor and the next one, as in the positive pumps case. The difference is that the
transfer takes place from the storage capacitor toward ground, so that the output
node can reach negative voltages.

In order to ease the charge transfer between one capacitor and the next one, the
boost technique for the transfer capacitors is used, and either two or four phases
are implemented depending on the desired type of pump.

The principle scheme of the negative charge pump is shown in Fig. 15.25.

If the triple-well technology is not available, the diodes of the pump must be
implemented using P-channel transistors. The main drawback is again related to
the body effect, which has a major influence primarily on the last stages. As we
have already seen for the positive pumps, a possible solution to mitigate this nega-
tive effect is to use a pump realized using PMOS with dynamic biasing of the bulk
nodes.

RO REY

- T T TNT -T

CK#

Fig. 15.25. Principle scheme of a negative charge pump

Since the output voltage of the pump depends on the number of stages, on the
supply voltage and on the voltage drop on the transistors used for the charge trans-
fer from a capacitor to the next one, the problem of guaranteeing a voltage that al-
lows a proper erase operation (i.e. without damaging the cells) arises. It is there-
fore mandatory to use a high regulator that limits the output voltage V.. The
operating principle is similar to the one described in the previous section: the out-
put voltage is compared with a reference one and, depending on the result of the
comparison, the phase generator of the pump is turned either on or off. The main
difference is related to the “reaction time” of this regulator: since it is only used
during the erase operation, the comparator can be slower and the diodes can be
smaller, thus calling for a smaller current consumption of the pump. The main
drawback is that in this case the ripple on the output voltage of the pump can be-
come large.
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15.7 Voltage Regulation Principles

As it should be clear from the previous sections, the memory cells cannot be bi-
ased directly with the charge pump output voltage, which usually needs to be “fil-
tered” to exclude its characteristic ripple and to limit it to a stable value. The cir-
cuit that performs these functions is the so-called voltage regulator’.

The simplest voltage regulator consists of an operational amplifier, which is
composed by a differential input stage, an output stage and an appropriate feed-
back net; the chosen topology for each of these blocks depends on the required
performances. For example, depending on applications, settling time and power
consumption could be important parameters; some regulators have to supply a sta-
ble output voltage with zero dc current, others have to regulate the output voltage
while sourcing a huge current to the load.

Also frequency compensation is a major parameter to be taken into account:
frequency compensation is defined as the way to get stability when the operational
amplifier is operated in closed loop with negative feedback.

In the following sections, an overview of problems and solutions related to the
principles of voltage regulation is presented, specifically referring to the gate and
drain voltage. Nevertheless, many other high voltages are required to perform
Flash operations; refer to Chap. 16 to have a complete overview of the high volt-
ages required in last generation Flash memories.

15.8 Gate Voltage Regulation

15.8.1 Circuit Structure

In the earlier Flash devices, the gate of the cell was biased with high voltages dur-
ing modify only, while the core power supply level was sufficient for reading.
Nowadays, as the core power supply scales down to 3 V (or 1.8 V), the VDD level
is not effective to perform accurate reads, i.e. to distinguish whether a cell is pro-
grammed or erased: also high-level gate voltage is required to perform readings.

Because this voltage is produced on-chip by mean of a charge pump, it needs
appropriate regulation.

Since reading the cells is the most frequent operation in a Flash memory, the
circuits devoted to the read mode must have a reduced static current consumption:
the gate voltage regulator has to be designed to minimize its load on the charge
pump, thus reducing the power consumption from the core power supply (this re-
quirement becomes more and more important for Flash devices targeted for port-
able equipment).

! The charge pump output voltage regulation is only an aspect of a general problem: in a
Flash memory, stable voltage values less than VDD are required that have to be precise
even if the core power supply varies. Also in this case voltage regulators are required,
which are supplied by VDD instead of a charge pump output.
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Furthermore, a reduced steady-state current allows the read charge pump to re-
duce its setup time at power-up.

A further requirement is fast settling time of the output voltage to its steady-
state value V., as a consequence of the wordline (WL) addressing.

In fact, when a WL is addressed, the output voltage V ., shows a drop with
respect to V,,,, because of the charge sharing phenomenon between the WL para-
sitic capacitance, C,,, and the output capacitive load of the regulator, C,, as sche-
matically sketched in Fig. 15.26.

The resultant voltage drop AV is very fast and can be excessive, i.e. it can move
V irour OUt Of the limits that permit a proper read of the memory cell. To avoid in-
correct read results, the output voltage recovery has to be fast with respect to the
RC of the addressed WL, so as not to degrade the memory access time.

Finally, as the charge pump output voltage that supplies the regulator shows a
ripple at its operative clock, it is necessary to take care of the positive Power Sup-
ply Rejection Ratio (PSRR), so as to minimize the amount of power supply noise
injected into the output voltage.

GPOUT

GR

ADDi _Ii

READ

v GROUT IAV v

Fig. 15.26. Charge sharing between the regulator output and the addressed wordline

All of the above requirements taken into account, the most suitable topology for
the read gate voltage regulator is the one depicted in Fig. 15.27. It is composed of
an input differential amplifier and a single-ended PMOS output stage; a resistive
divider (R,+R,) acts as a feedback net. The inverting input of the differential am-
plifier is driven by the reference voltage V,, generated by a band-gap circuit,
while the non-inverting one is connected to the regulator output by the feedback
net.

Assuming the circuit consists of ideal components (namely, no offset and suffi-
ciently high loop gain), the regulator output voltage is:

R
Virour =Vse [1 + R_IJ (15.8)

2

Since integrated resistors can be made with good matching, the precision of
V xour depends essentially on the precision of V  (refer to Chap. 5).
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Fig. 15.27. Principle scheme of the regulator GR

The resistive feedback, which acts as a pull-down for the second gain stage, al-
lows the regulator dc current to be kept low if R, and R, are large; in other words,
the output stage steady-state current is:

I meGRi (15.9)
wDC TR LR,

If the aspect ratio of the output p-channel transistor is kept high, the choice of a
resistive feedback makes the recovery from undershoot easier. On the other hand,
the recovery from an overshoot can be performed by mean of the RC network
composed of the series of R, and R,, and the load capacitance.

The output load of the regulator GR is a huge parasitic capacitance C,_ (hun-
dreds of pF), since V ,, biases the final stages of the row decoders, i.e. the cir-
cuits that charge the WLs to the read voltage. The value of the output load in-
creases with the size of the memory device (more row decoders), making the
design of a fast regulator difficult.

To perform the read operation, the addressed WL is connected to the regulator
output through the row decoder, while the other WLs are kept at GND: in such a
way, the WL parasitic capacitance is connected in parallel to the regulator output
load, C,. As the charge sharing is almost instantaneous, the output voltage drop,
AV, is equal to:

C C
AV = [CL +WLCWL ] Verour = CW;L Verour (15.10)

Let us make an example to determine the values: supposing that the target de-
vice is a 64Mbit Flash memory, typical values are:

C, =200 pF,C, =4pF,V,=6V,V, =13V,I_, =50pA

out,dc
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The resistance values to be chosen to satisfy the current requirements are:
R, ~90 kQ R, ~30kQ

and the voltage drop is:
AV =120 mV

The circuit scheme of GR is shown in Fig. 15.28, where it is not difficult to find
the blocks we talked about in the past few pages.

The n-channel transistors M1 and M2 act as a differential input stage, whose
current mirror is represented by the PMOS transistors M5 and M6. M3 and M4 are
inserted both to disable the regulator (when the regulator enable signal GREN is at
“0”), and to decouple the internal nodes of the regulator from V,, when
GREN = “1”, acting as cascode-connected transistors (they have to be biased in
saturation region).

GPOUT

p—g J
(% M8

=

GREN I Cp

Vons —ﬁi § R,

Uj<
1

£
18]

Fig. 15.28. The voltage regulator GR with its parasitic capacitances, C and C,

Without M3, the C,,, parasitic capacitance would couple V,, with the drain of
M3, i.e. the differential stage output. Since this node is a “moving” one (it is sub-
ject not only to the differential output voltage swing, but also to the charge pump
ripple), M3 prevents the noise from being transferred to the bandgap output.
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The differential stage current generator is represented by M7, biased in satura-
tion region by mean of suitable gate voltage V,,,, that produces the steady-state
differential stage current:

1yC w
Iﬁrxt,DC = 1DM7 = NTOX(T] (VBIAS - I/thM7)2 (151 1)
M7

BIAS

where py , C,, € V,,, are carriers mobility, gate oxide specific capacitance and
threshold voltage of the NMOS M7, respectively.

The value of I . cannot be set too high because GR has to meet low power
consumption requirements; this poses limitations to the dynamic behaviour of the
regulator, especially with respect to slew rate performance.

The output gain stage is a p-channel transistor (M8 in Fig. 15.28), which is de-
signed with a high aspect ratio in order to minimize the time penalty when charg-
ing the parasitic capacitance of the addressed WL.

15.8.2 Frequency Compensation

Operational amplifiers have usually multiple poles: for this reason they need fre-
quency compensation, i.e. their open-loop transfer function has to be modified for
the closed-loop circuit to be stable.

Referring to Fig. 15.29, where A=V _/V, is the open-loop gain and P the feed-
back factor (supposed to be frequency independent), the loop gain function G, of
a negative feedback system is defined as:

_Y() _ A(s)

_ _ 15.12
Xe) 1+amp’ " 7? (15.12)

loop

The poles locations of the closed-loop transfer function can be found by solving
1+A(s)p=0.

+(z) A(s)
L B

Fig. 15.29. Negative feedback schematic representation

X(s) Y(s) _

The regulator GR needs both fast and highly stable response: so the G, func-
tion must have a high gain-bandwidth product (GB) and at least 60° phase margin.
The major obstacle to these objectives is the high value of the output parasitic

capacitance C,, as shown in the following.
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Let us consider the regulator GR as shown in Fig. 15.28; its steady-state open-
loop gain A . is:

Ay = &1 Ro1 & s Roo (15.13)

8. € . are the transconductances of M1 and M8; R e R ; are the output resis-
tances of the differential stage and of the PMOS output stage, respectively (the
output resistances are schematically sketched in Fig. 15.28). R, is equal to the
feedback network resistive series (R, + R,), in parallel with the output resistance of
MS. R is the parallel of M5 and M3 output resistances; since M3 is connected in
common-gate configuration, it shows very high output resistance:

Rcascode = Vass 18 mm 3T asm 3 (15 14)

For this reason, R | is essentially equal to r,,..

In order to evaluate the stability of GR, let us calculate the position of poles and
Zeroes.

In presence of huge output capacitive load and feedback resistance (as in our
case), the dominant pole is the one associated with the regulator output:

1
RGZCL

|p|= (15.15)

In a first-order analysis, the regulator is a two-poles system and the resistance
and parasitic capacitance of the first stage determine the second pole. The parasitic
capacitance of the differential stage output is the sum of M3 and M5 drain junc-
tion capacitances (let it be called C,), and the gate-drain capacitance of M8. In any
case, this latter capacitance is placed across a gain stage, thus exploiting the so-
called Miller effect: a capacitance C placed between the input and the output of a
gain stage, with gain A, can be represented as a capacitance AC connected be-
tween input and GND of said gain stage, and a capacitance C connected between
its output and GND, as depicted in Fig. 15.30.

IN ouT ) IN ouT
— ——
C AC C
| L
|

Fig. 15.30. Miller effect

For this reason, a capacitance C;;,=C,,;R &, 1s placed in parallel to C, (let
us name the sum of them C,), while the output load is increased by C,,,,, (anyway,

since C,,,,<<C,, the position of the dominant pole does not change).

SK hynix Ex. 1009, Page 181 of 199



390 15 Circuits Used in Program and Erase Operations

The parasitic capacitance C,, leads to a pole and a zero respectively at the fre-
quencies:

|p|= ! = ! (15.16)
R, (Cl + gmM8R02ngM8) RolgmMSROZngMS
5 — Smus (15.17)
ngM8

How poles and zero are placed with respect to each other depends on the pa-
rameters of the regulator. Usually, it is quite hard to design the regulator in order
to have a good phase margin without a settling time penalty.

A possible solution to compensate a second pole placed in the bandwidth is to
place a half-plane zero exactly at the frequency of the second pole: in such a way,
the regulator acts ideally as a single-pole system (the dominant one). Anyway, this
kind of compensation is usually not reliable, because a well-placed zero at a given
operating condition may not “follow” the pole that it has to compensate when the
operating condition varies (for example, as a consequence of temperature varia-
tions).

Another way to compensate is to use the Miller effect by placing a suitable
compensating capacitor C across the second gain stage, as depicted in Fig. 15.31.
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4_‘ Ret :::I:f:;01 Co i GROUT

R
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Voo —| [ Hlﬁ
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=<

8
R

L d

Fig. 15.31. GR with Miller compensation
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Concerning the position of the poles, C_ acts in two ways: first of all, the ca-
pacitance C , is increased approximately by g _,..R C., thus reducing the frequency
of the pole p, related to the differential stage output. Furthermore, the pole p,
moves to higher frequency thanks to the negative feedback, which reduces the
output stage resistance: this phenomenon is referred to as pole splitting.

By the effect of Miller compensation, the poles p, e p, move respectively to the
frequencies:

1
p.|= =
| 2| C,R, +CR,, +C, (Ro] +R,+ gmMsRolRaz)
N 1 (15.18)
N &uusRou R, Co
C g’ﬂ g’ﬂ
|p1| ~ COmM8 ~ SmM8 (15.19)

c,C.+C,C.+C,C, C,

The approximations in Eqs. (15.18) and (15.19) are valid when C,>C>C  and
under the reasonable hypothesis that the second stage has an adequate gain. C,
can be reduced by mean of accurate design and layout of the first stage. Depend-
ing on the value of C,, it is possible to invert the position of the poles with respect
to the scheme of Fig. 15.28, thus making the pole p, of the first stage dominant.

Because of the unity-gain feedback between input and output of the second
stage at high frequency, C_ leads also to a right-plane zero located at the fre-
quency:

z, — Smms (15.20)
Cec

The phase shift introduced by a right-plane zero is negative as the one of a left-
plane pole: for this reason, this zero degrades the phase margin, and it may be-
come a problem if it is placed near to the unity-gain frequency.

Remembering that the unity-gain frequency in a dominant-pole approximation
is given by:

_ S (15.21)

GB = A(0)-|p,, -
C

to obtain 60° phase margin, it is necessary that:

+180°—tan ™' [ﬁ} —tan”' [ﬁ} —tan" (2) - 60° (15.22)
b P> z

To satisfy Eq. (15.22), it is necessary that z>10GB; in this case we obtain
|p,/>2.2GB. As a result, the following relationships hold:

gmM8 > lo'gli

Ce Ce

:gmMS >10‘gmM1 (1523)
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Emms 2.2 8 = C.>022C, (15.24)
C, Ce

Referring to Eq. (15.23), the zero is far away from the unity gain frequency if
the transconductance of the second stage is much higher than the one of the first
stage. In a CMOS design, it is difficult to achieve large differences between g_,,,
and g, since the transconductance increases with the square root of the current
and the aspect ratio. If the zero is near the unity-gain frequency, it modifies sig-
nificantly the frequency response near to the “zero dB crossing”, thus degrading
the stability conditions.

Furthermore, as shown in Eq. (15.24), a huge output load C, requires a big C_,
thus degrading the slew rate of the differential stage (SR =1, /C,), since its bias-
ing current I, . must meet low power consumption requirements. However, we
cannot use a smaller compensation capacitance: if the phase margin is less than
60° (that is, contained between 45° and 60°), the frequency response of the system
leads to damped oscillations. As a consequence of how we designed GR, it is cru-
cial that its output voltage recovers to the steady-state value without any overshoot
which could lead to an excessive increase of the gate voltage of M8, thus cutting
the output stage off. If this happens, the recovery to the regulated value V., can
be performed only by discharging C, through the resistive divider R, + R,, but the
time constant of this discharge is very high by design, because the output load C,
is huge, and the sum (R, + R)) is great in order to reduce the static output current.
Referring to the previous 64 Mbit Flash memory example, the discharge time con-
stant of the output node is:

=R, +R)*C =120k Q * 200 pF =24 ps (15.25)

Tdisch

In practice, we cannot leave the circuit as it is, but we must find some remedy
to the unsatisfactory phase margin.

The right-plane zero problem (and the related feedforward) can be solved by in-
troducing a unity-gain buffer between GROUT and C,, as depicted in Fig. 15.32.

By mean of the unity-gain buffer, the right plane zero is cancelled, while the
position of the poles is kept unchanged with respect to Miller compensation.

Problem 15.2: Demonstrate it by mean of the small signals equivalent circuit depicted in
Fig. 15.33.

If the voltage buffer has a finite output resistance, R, the zero is not cancelled
perfectly, but a pole and a left-plane zero replace it.

With suitable modifications to the small signal equivalent circuit, one can dem-
onstrate that the new pole and zero are located respectively at:

1
~_ 15.26
|ps| RO (15.26)
7, 2 ! (15.27)
ROCC
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Fig. 15.32. Unity-gain buffer frequency compensation (Follower Feedback Compensation,
FFC)
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Fig. 15.33. Small signal equivalent circuit of GR with FFC

To obtain a unity-gain buffer, it is convenient to use a n-channel transistor in
source follower configuration (Follower Feedback Compensation, FFC), as M13
in Fig. 15.32. The follower has to be biased with an appropriate dc current genera-
tor I; for the follower to be working properly, V.., must never be less than the
sum of the voltages required to bias in saturation region both M13 and the current
generator connected towards GND. This poses limitations to the use of this kind of
compensation if V., may assume low levels (for example <2V), as it will be
explained in Sect. 15.8.4.

Instead of using a voltage buffer, we can use a current buffer in series with the
compensating capacitor. Since the easiest way to obtain a current buffer is to use a
transistor biased in common-gate configuration (cascode), as shown in Fig. 15.34
we can name this kind of compensation Cascode Feedback Compensation (CFC).
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Vicasc 18 chosen to keep M23 in saturation, i.e. to make it work as a cascode.
The current generators can be designed as in Fig. 15.34; for this purpose, another
biasing voltage V,,, is shown, not necessarily different from V..

In steady state, the compensating capacitor C_ is charged to (Vo1 - V) and
the current generators provide the current I, which flows in M23. When C_ has to
be charged as a consequence of an output voltage drop, the additional current Al is
provided by the differential stage and a current I + Al flows in M23. The current
Al keeps the compensating capacitor charged in such a way that the source termi-
nal of M23 acts as a virtual ground.

GPOUT

GROUT

Fig. 15.34. Cascode Feedback Compensation

It is not trivial to determine the transfer function of the system; anyway, start-
ing from the small signal equivalent circuit, with some algebra we obtain the
open-loop dominant pole:

1

. (15.28)
|p2| &umsR R, Co

Note that the expression of the dominant pole is the same as Eq. (15.25); how-
ever, since R, is smaller than in Miller compensation, the dominant pole appears
at higher frequency; in fact, R , now is:

Ry =7 s T aorr s Tagpros 1 agnans = Tagars 1 Faaros (15.29)
€. 18 the transconductance of M23, r,,, € I, the channel conductances of

M25 and M23, respectively. Since M23 is biased in common-gate configuration,
its channel conductance is very high and can be neglected.
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The second pole frequency is:

In o &unsCc (15.30)
C,(C.+C))

As in FFC, the system shows a third pole and a left-plane zero, located respec-
tively at:

|p3|;gmM_zsch (15.31)
Ce

z, = —Emin (15.32)
CC

Usually (i.e. when C, is the biggest capacitance in the system), the feedback
cascode compensation allows the second pole high frequency shifting to be
~CJC,, times more effective than in Miller of feedback follower compensation.

Assuming that C <<C_ or C <<C,, the unity gain frequency is still given by
g.../Ce; to be sure that the second pole is well beside the unity gain bandwidth, in
FFC and CFC we have to satisfy, respectively:

8w _ Cc. (15.33)
&ms Cp
2

Sm1 Ce (15.34)

&us Ca(Ce+C)p)

The reduced power budget limits g ,, and g ., even if the latter is chosen to
provide the regulator with the required current capability. To ensure an adequate
phase margin, for each set of g ,, /g ... C., and C,, the compensating C_ has to be
chosen to satisfy either Eq. (15.33) or Eq. (15.34). Anyway, since both FFC and
CFC allow more effective compensation with respect to conventional Miller tech-
nique, a smaller C, can be used, thus achieving better SR performances for any
given value of I .

Furthermore, even if the reduced value of g, limits the feedback loop gain-
bandwidth product, an additional feedback loop is created from GROUT to the
gate of M8: through the follower M13 and C. in case of FFC, through C_ and the
cascode M23 in case of CFC. By mean of these new loops, an output voltage drop
AV is reflected directly in a fast decrease in M8 gate voltage, which in turn leads
to a fast increase in the output current. Nonetheless, the FFC additional loop is not
as fast as the CFC one. When compensating with the feedback follower technique,
the parasitic capacitance seen at the differential stage output is the sum of C , and
C., while it is just C , when CFC is used. Referring to the 64Mbit example, C  is
on the order of pF, while C_ is about ten pF: in case of cascode feedback compen-
sation, the additional feedback loop will be faster.
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15.8.3 Positive Power Supply Rejection Ratio (PSRR)

Good power supply rejection ratio performance is mandatory in a regulated sys-
tem, especially when the regulator is supplied with a voltage produced by a charge
pump instead of VDD. A characteristic of a good positive PSRR is when the noise
on the output of the charge pump is not transferred to the regulated voltage; in our
case we define the positive PSRR as:

(VGROUT / Vi )VGPUUT =0

PSRR™ =

(Vorour ! Varour )V,-,, =0

(15.35)

The PSRR performance depends on the compensation strategy used in the sys-
tem; the exhaustive analisys of the positive PSRR can be performed only if we
calculate the PSRR tranfer function by mean of the small signals equivalent cir-
cuits. Nonetheless, a few qualitative considerations can be deduced directly from
the schematics.

From the gate of M8 (the differential stage output), the charge pump noise can
be transferred through C_, ., which is usually small and can therefore transfer only
high-frequency noise.

If we adopt the conventional Miller compensation, the concepts remain the
same: C. (>>C,,,;) couples the positive supply directly with the regulator output,
however it may happen at lower frequencies, depending on the C, value (remem-
ber Eq. (15.24)). Also lower frequency noise can be transferred to the output and
for this reason, this type of compensation should be avoided.

2dM8?

GPOUT GPOUT
i o |
First stage output First stage output
I;irst :;L; . l 4[me I:irst T . 4[me
stage o stage | T g
g L Ce GROUT 9 L GROUT
= —" Wﬂ }7*17(: = M23] VBCASC *[?
oL Ce o=t
—  H =l — T
3 v T
RQ
N — = R,
a) b) =

Fig. 15.35. FCC (a) and CFC (b) positive PSRR

When compensating with FFC or CFC, the direct M8 gate-to-drain connection
via C_ is eliminated (of course, the connection via C,, is still present, but typi-
cally it acts well above the charge pump noise frequency). The noise transmission
mechanism is therefore different, and depends on the biasing of M8 (Fig. 15.35).
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As a general rule, the differential stage output filters any signal higher than its cut-
off frequency, i.e. the gate of M8 cannot “follow” a noise beyond this frequency.
In this case, the noise signal V_, is approximately equal to the noise on GPOUT
(V,), thus modulating the biasing of M8: for this reason, the drain terminal of
MBS, that is GROUT, varies as well, since it is forced to source a static current due
to its biasing by R, + R,.

As discussed in the previous section, since the first stage output has a heavier
capacitive load in FFC than in CFC, its cut-off happens at a lower frequency, thus
tranferring the charge pump noise to the output (if the charge pump operating fre-
quency is located in the pass band). Therefore, the larger CFC noise pass band al-
lows better positive PSRR performances.

15.8.4 Program Gate Voltage

In order to perform effective and precise program operations, the best method for
biasing the WLs is with a linear “staircase” voltage; in such a way, if the drain
terminal is kept to a suitable and constant voltage value V,, after an initial tran-
sient a 1:1 relation exists between gate voltage increment, AV, and voltage shift
after each program pulse, AV..

This method requires a small amount of current from the drain side (in single
supply devices the drain program voltage is produced by a charge pump, as will be
explained in the next section), since the cells are not biased with an excessive
overdrive, and this permits an increase in the amount of program parallelism.

To save silicon area and power consumption, it is convenient to use the same
regulator GR that produces the read voltage to provide the gate staircase program
voltage as well; furthermore, this approach assures that in a Program & Verify
scheme (refer to Chap. 14) the verify and the read voltages match. Ultimately, the
gate voltage regulator should act as an Analog-to-Digital converter.

To obtain “programmable” gate voltage values, we can divide the feedback re-
sistive partition into a series of smaller resistances, each one having a switch in
parallel.

When adopting this solution, two major problems have to be taken into ac-
count: the first concernes the linearity of the output voltage as a function of the se-
lection command. Figure 15.36 shows an example of the ideal staircase voltage
(dashed line) with respect to the real one (continuous line). The differential linear-
ity error g4 is given by:

e = |VID (n) = Ve (”)| (15.36)
‘ AVp

where V(i) is the ideal voltage at the i-th step, V(i) the real one AV, the pro-
gram step.

The second problem concerns the charge injection related to the commutation
of the switches, which leads to voltage overshoot on the feedback node. In order to
have a fast settling time on the program voltage, these overshoots have to be re-
duced as much as possible.
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————————— AVep

-

n Pulse
number

Fig. 15.36. Linearity error

To satisfy linearity requirements, a good solution consists in a “programmable”
R, (R, is the resistor connected between node E and GND), composed of a parallel
combination of n binary weighted resistors, a certain number of which are active
at the same time as a function of the program voltage, as sketched in Fig. 15.37a.
In this case, this solution is not feasible because the resistor divider has to assure
low power consumption: the total value of the resistances is unacceptable. Fur-
thermore, the output stage current variation, due to R,, leads to an offset voltage in
the regulator (since the differential stage current does not change).

One can choose the solution in Fig. 15.37b, where R, is made programmable by
mean of a series of binary weighted resistors, each one with a selection switch in
parallel; in this case, the number of switches simultaneously open depends on the
selected program voltage level, giving arise to serious linearity problems (as much
as +/-15% of the voltage step). Furthermore, when many switches commute simul-
taneously, the node E is subject to high charge injection, especially if the switches
are designed with high aspect ratio to minimize their parasitic resistance. The best
solution from the linearity point of view consists in dividing the resistor R, in a se-
ries of w equal resistors of valure AR, while R, is kept constant (Fig. 15.37¢c).

The voltage step AV, is achieved at each step by incresing the value of R, by a
fixed amount AR; at the p-th program step the gate program voltage V, is equal
to:

L RE +pAR] (15.37)
2

Vor =V (1

where R*| is the value that R, assumes at the first program step. The program step
voltage AV, is:
AR

AVip =Vig —— (15.38)
2
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Fig. 15.37. Three different ways to make the feedback net programmable

At each p-th program pulse, a suitable value of resistor AR is shorted by mean
of the control logic that produces the w signals to drive the switches from S to S,
thus achieving R, =R* + pAR. To avoid introducing parasitic resistances that
may vary from one step to the next, only one switch is active during each program
pulse, while the others are off.

Usually the gate voltage ramp starts at ~1.5 V and continues until 9.5 V; the
voltage step AV, depends on the program accuracy.

After each program pulse the cells are verified, i.e. they are read to check
whether the desiderd threshold voltage has been reached or not. During verify, the
gates of the cells are biased with the verify voltage V,, (usually the verify gate
voltage is equal to the read voltage, V,, = V).
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To verify after each program pulse means that a highly capacitive node, i.e. the
output node GROUT, must be driven to different voltage levels; as depicted in
Fig. 15.38, two different situations may occur, depending on wheter V<V, or
V>V, - In the former case, at the end of the k-th program pulse C, has to be
charged to V,,, while at the beginning of the (k+/)-th pulse C_ has to be dis-
charged to V,; in the latter case at the end of the k-th program pulse C, has to be
discharged to V,,, while at the beginning of the (k+1/)-th pulse C, has to be
charged to V.

GP

Fig. 15.38. Gate voltage qualitative behaviour during Program & Verify algorythm

As explained in the previous section, it is not difficult to charge C, to a higher
voltage level if the pull-up transistor M8 is designed with a high aspect ratio. On
the contrary, the discharge operation is slow because the resistive feedback net
limits the pull-down current. To get a faster discharge, the topology shown in Fig.
15.39 can be used.

DISCH VDD
BG

GPOUT
Voo | prscri# —
M8
+
GROUT
R,
E \A\+ o CL
V. ) [MDISCH J—
R,
COMP

Fig. 15.39. Program gate voltage regulator with discharge circuit
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When the regulator output has to be discharged from the actual value V. to
Viexr<Vorsss the comparator COMP (that can be designed as a combination of a
differential stage and an inverter) is enabled by a suitable signal DISCH, while the
pull-up transistor M8 is disabled by DISCH# not to short GPOUT to GND. Mean-
while, the resistor R, is programmed to obtain V.. In such a way, since the new
value of R, is less than the previous one and the feedback loop of the regulator is
interrupted, the voltage V, at node E increases, thus turning M, ., on and enabling
the discharge path from GROUT to GND. This path remains active until V >V,
i.e. until V> V- As DISCH is switched to the low logic level and M8 is
turned on, the next output voltage level V... can be reached quickly. This solution
allows the reduction of the current requirements of the charge pump GP, thus
achieving a faster settling time and reducing the total programming time.

15.9 Drain Voltage Regulation and Temperature
Dependence

Now we will explore the problems related to drain voltage regulation, which is a
crucial parameter affecting the programming operation. Figure 15.40 shows the
program high voltages scheme in a dual supply Flash memory.

VPP

DR

SEL load

column

VoV

drain~ VPD™V1

Veo  —]

Fig. 15.40. Drain voltage regulation (V,,) in a dual supply Flash memory
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The drain voltage is obtained by mean of a regulator, DR, that regulates the
voltage V,, before the program load (refer to Sect. 16.5) and the column decoders.
In such a way, the voltage on the drain is not V,, but V, -V,, where V| is the volt-
age drop across the bit line and pass transistors parasitic resistance. In order to
limit this voltage drop, the column decoder pass transistors must be properly bi-
ased so they operate in linear region.

Figure 15.41 shows an example of a program load regulator, implemented in
dual power supply Flash memory devices, which compensates for the voltage drop
across the column decoder.

VPP

X0

REF

el P j

" AL
-

compensating
transistors —

Fig. 15.41. Adaptive V, regulation

A suitable voltage V,,~V,.. is applied to the load by mean of an operational
amplifier connected in a unity-gain non-inverting configuration. V. is obtained
with a resistive divider made up by the resistors R, and R,, and two series-
connected MOS transistors operating in the triode region (MC and ME). These are
matched with the bitline select transistors MW and MY, respectively, with a suit-
able scaling factor, and are driven by the same control signals. Since MC and ME
do not perform any selection, they will be referred to as compensating transistors.
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A current-controlled current source injects a current KI_ into the node A, so as to
provide an additional contribution AV to V. with respect to its quiescent value
at 1 =0, V.

Vi = Voo + AV (15.39)

The scaling factor K is chosen so as to make AV, equal to the drop AV =LR_
across the bit line select devices (R, =R, +R_ ). Thanks to the adaptive
feedback loop, the voltage V,, on the selected bitline is ideally equal to V,, during
the whole program operation, regardless of the variation of the fabrication process
or the programming current. This architecture is also suitable for parallel pro-
gramming, for example on byte or word basis. In this case, the current fed to the
load is equal to the sum of the currents drawn by the n cells being programmed,
nl.. Each cell is addressed through its corresponding pair of bitline select transis-
tors. For correct compensation of the voltage drop across these devices, the current
Knl, must be delivered to n identical branches MC,, ME, placed in parallel, as
shown in Fig. 15.42. The enable devices ME, activate the correct number of com-
pensation branches, according to the data to be stored.

It is not easy to extend this solution to single supply voltage devices, especially
when high program parallelism is required. In these devices the drain program
voltage is provide by an on-chip charge pump, DP, which should substain not only
the worst case total drain program current (and the current consumption of the
regulator), but also its replica, multiplied by the scaling factor K.

VPD

to the bitlines

Vc—”:MC1 Vc—| MC2 Vc—| MCn
VE1—||:ME1 VE2—| ME2 VEn—| MEn

Fig. 15.42. Adaptive program load regulator for parallel programming
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In single supply Flash devices we forego the AV, drop compensation, and we
design a regulation scheme like the one shown in Fig. 15.43, where V, is obtained
from a band-gap reference. The column decoder parasitic resistance, R, increases
with temperature, thus decreasing the program voltage applied to the drain (as-
suming the program current is constant). For example, if the program current is
400 uA per cell, the voltage drop AV, may vary from 200 mV at —40° C to
350 mV at 120° C. It should be clear that the efficiency of the program circuits,
which must force a sufficiently high drain voltage, is reduced as the temperature
increases.

BG

| al
| Program |
| load :
R2 : & |
I column :
L | decoders ! v, =R¢

N _

\Y Von-V
Ver _"

drain~ VPD™V1

\
A

SN

rs

>

1

/

A

\
<\

Fig. 15.43. V, regulation in single supply Flash devices (the voltage drop across the col-
umn decoder pass transistors is not compensated)

We can modify the circuit in Fig. 15.43 by substituting the input voltage on the
inverting input of the differential amplifier with a suitable voltage, whose mean
value is equal to the band-gap voltage V,,, and linearily increases with tempera-
ture. Such a voltage can be produced by the circuit represented in Fig. 15.44.
Three operational amplifiers make up the thermal tracker: the first reproduces V.,
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15.9 Drain Voltage Regulation and Temperature Dependence 405

while the last one performs the difference between this voltage and a suitable am-
plification V, of the emitter-base voltage of a pnp transistor.
Since the forward-biased diode voltage shows a linear decreasing of — 2mV/°C,

Vur in Fig. 15.44 increases linearily with temperature.
The following relationshipss hold:
R R, R
VOUT = VBG + (VBG - VBE )ﬁ - ﬁiVBE (15'40)
Vovr _ |14 Ri|Rs Vi (15.41)
5T R, R, oT
If R, =R,, from Eq. (15.40) we obtain:
R
Viur =2V o — 2V gy 2 (15.42)
RA
Vee * Vs [
ﬂl * VOUT
RB
RA
Ve Vx
RZ
Fig. 15.44. Thermal tracker B
Furthermore, Eq. (15.41) can be rewritten as:
Vovr _ 5 Ry Vs (15.43)

5T R, oT

i.e. the thermal derivative of V. depends on R, /R, ratio.
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406 15 Circuits Used in Program and Erase Operations

To summarize, V,, can be applied to each regulator that uses V,, without any
other structural modification. Substituting V. by V. in Fig. 15.43, we notice that
V,, = K*¥V_, increases with temperature, as V,,, increases. Since the program
voltage applied on the cell drain is:

V.

drain

=V,, —AV, (15.44)

it is possible to compensate for the increase in AV by an offset in V,,, so as to as-

sure the thermal tracking of the drain voltage.

PD?
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