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(57) ABSTRACT 

A memory cell with a charge trapping Structure has multiple 
bias arrangements. Multiple cycles of applying the bias 
arrangements lowering and raising a threshold Voltage of the 
memory cell leave a distribution of charge in the charge 
trapping layer. The charge interferes with the threshold 
voltage achievable in the memory cell. This distribution of 
charge is balanced by applying a charge balancing bias 
arrangement. The memory cell has a high work function 
gate, which causes the equilibrium State of the charge 
balancing bias arrangement to result in a lower threshold 
Voltage. 
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OPERATION SCHEME WITH HIGH WORK 
FUNCTION GATE AND CHARGE BALANCING 
FOR CHARGE TRAPPING NON-VOLATILE 

MEMORY 

RELATED APPLICATIONS 

0001. The present application claims priority to U.S. 
Provisional Application No. 60/565,377 filed 26 Apr. 2004. 
The present application also claims priority to U.S. Provi 
sional Application No. 60/566,669 filed 30 Apr. 2004. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The present invention relates to electrically pro 
grammable and erasable non-volatile memory, and more 
particularly to charge trapping memory with a bias arrange 
ment, in addition to threshold Voltage raising and lowering 
operations, that modifies the charge in the memory. 
0004 2. Description of Related Art 
0005 Electrically programmable and erasable non-vola 

tile memory technologies based on charge Storage Structures 
known as EEPROM and flash memory are used in a variety 
of modern applications. A number of memory cell Structures 
are used for EEPROM and flash memory. As the dimensions 
of integrated circuits shrink, greater interest is arising for 
memory cell Structures based on charge trapping dielectric 
layers, because of the scalability and simplicity of the 
manufacturing processes. Memory cell Structures based on 
charge trapping dielectric layers include Structures known 
by the industry names NROM, SONOS, and PHINES, for 
example. These memory cell Structures Store data by trap 
ping charge in a charge trapping dielectric layer, Such as 
Silicon nitride. AS negative charge is trapped, the threshold 
Voltage of the memory cell increases. The threshold Voltage 
of the memory cell is reduced by removing negative charge 
from the charge trapping layer. 
0006 Conventional SONOS devices use ultra-thin bot 
tom oxide, e.g. less than 3 nanometers, and a bias arrange 
ment that causes direct tunneling for channel erase. 
Although the erase speed is fast using this technique, the 
charge retention is poor due to the charge leakage through 
ultra-thin bottom oxide. 

0007 NROM devices use a relatively thick bottom oxide, 
e.g. greater than 3 nanometers, and typically about 5 to 9 
nanometers, to prevent charge loSS. Instead of direct tunnel 
ing, band-to-band tunneling induced hot hole injection 
BTBTHH can be used to erase the cell. However, the hot 
hole injection causes oxide damage, leading to charge loSS in 
the high threshold cell and charge gain in the low threshold 
cell. Moreover, the erase time must be increased gradually 
during program and erase cycling due to the hard-to-erase 
accumulation of charge in the charge trapping Structure. This 
accumulation of charge occurs because the hole injection 
point and electron injection point do not coincide with each 
other, and Some electrons remain after the erase pulse. In 
addition, during the sector erase of an NROM flash memory 
device, the erase Speed for each cell is different because of 
process variations (Such as channel length variation). This 
difference in erase Speed results in a large Vt distribution of 
the erase State, where Some of the cells become hard to erase 
and Some of them are over-erased. Thus the target threshold 
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Vt window is closed after many program and erase cycles 
and poor endurance is observed. This phenomenon will 
become more Serious when the technology keeps Scaling 
down. 

0008. In addition, charge trapping memory devices cap 
ture electrons in a charge trapping layer in both shallow and 
deep energy levels. Electrons trapped in Shallow levels tend 
to de-trap faster than those electrons in deeper energy level 
traps. The shallow level electrons are a significant Source of 
charge retention problems. In order to keep good charge 
retention, deeply trapped electrons are preferred. 
0009 Thus, a need exists for a memory cell that can be 
programmed and erased many times, without Suffering 
increasing the threshold Voltage after the erase operation that 
renders the memory cellinoperable, and which demonstrates 
improved charge retention and reliability. 

SUMMARY OF THE INVENTION 

0010. A method of operating a memory cell, and an 
architecture for an integrated circuit including Such a 
memory cell, are provided having improved endurance and 
reliability. A charge balancing operation for charge trapping 
type memory cells is described. This charge balancing 
operation includes a bias arrangement inducing E-field 
assisted electron ejection from the gate to the channel and/or 
direct tunneling of holes for embodiments with thin bottom 
dielectrics, balanced by E-field assisted electron injection 
from the gate to the charge trapping structure, including 
applying a negative gate Voltage relative to the Substrate 
(either by applying a -V or a positive Substrate Voltage 
+Vs, or a combination of -V and +Vs), with ground 
or a low positive Voltage applied to the Source and drain. The 
Voltage acroSS from the gate to the Substrate in the channel 
of the memory cell in order to accomplish the charge 
balancing operation of the present invention in practical time 
limits is higher than about -0.7 V/nanometer and in 
examples described below about -1.0 V/nanometer. Thus, 
for a memory cell having a gate electrode, a top oxide layer, 
a charge trapping layer and a bottom oxide layer over a 
channel, the gate to Substrate bias for the charge balancing 
operation is equal to about the effective oxide thickness of 
the combination of the top dielectric, charge trapping dielec 
tric and bottom dielectric in nanometers, times about -0.7 to 
-1.1 V/nanometer. 

0011. During the charge balancing operation, gate injec 
tion and electron de-trapping could occur in a manner that 
tends to establish a dynamic balance or equilibrium State. 
The gate injected electrons can neutralize hole traps left after 
a hot hole erase. Therefore, the charge balancing operation 
offers a strong “electrical annealing to minimize the dam 
age induced from hot hole injection. Reliability tests also 
show that this charge balancing operation greatly reduces 
the charge loSS after a large number of program and erase 
P/E cycles. 
0012. A method according to the described technology, 
comprises lowering the threshold Voltage of the memory cell 
via a first bias arrangement, raising the threshold Voltage of 
the memory cell via a Second bias arrangement, and apply 
ing to the gate of the memory cell a third bias arrangement, 
Such as a charge balancing pulse, in association with one of 
the first and Second bias arrangements. The third bias 
arrangement can be considered to cause a first movement of 

Sandisk Technologies, Inc. - Ex. 1031, Page 000032



US 2005/0237809 A1 

electrons and a Second movement of electrons. If the gate 
has a negative Voltage relative to the Substrate, the first 
movement of electrons is from the gate to the charge 
trapping structure (electron gate injection) and the Second 
movement of electrons is from the charge trapping structure 
to the Substrate (electron ejection to the channel). If the gate 
has a positive Voltage relative to the Substrate, the first 
movement of electrons is from the Substrate to the charge 
trapping structure and the Second movement of electrons is 
from the charge trapping Structure to the gate. The rate of the 
first movement of electrons decreaseS as the threshold 
Voltage increases, or increases as the threshold Voltage 
decreases. The rate of the Second movement of electrons 
increases as the threshold Voltage increases, or decreaseS as 
the threshold Voltage decreases. These movements of elec 
trons cause the threshold Voltage to converge toward a target 
threshold. The technology also includes a bias arrangement 
which tends to balance the distribution of charge in the 
charge trapping layer, when the threshold Voltage nears the 
target threshold, Substantially acroSS the length of the chan 
nel of the memory cell, as opposed to concentrating the 
charge on one side of the channel or the other. 

0013 Another aspect of the present invention provides an 
integrated circuit with a Substrate, memory cells on the 
Substrate, and controller circuitry coupled to the memory 
cells. Each memory cell has a threshold Voltage and com 
prises a charge trapping Structure, a gate, and Source and 
drain regions in the Substrate. The controller circuitry 
includes logic to lower the threshold Voltage via a first bias 
arrangement, logic to raise the threshold Voltage via a 
Second bias arrangement, and logic applying a third bias 
arrangement. The third bias arrangement causes a first 
movement of electrons and a Second movement of electrons 
causing the threshold Voltage to converge toward a conver 
gence Voltage. 

0.014) Another embodiment provides an integrated circuit 
with a Substrate, memory cells on the Substrate, and con 
troller circuitry coupled to the memory cells. Each memory 
cell has a threshold Voltage and comprises a charge trapping 
Structure, a gate, and Source and drain regions in the Sub 
Strate. The controller circuitry includes logic to raise the 
threshold Voltage via a first bias arrangement, and logic 
responding to a command to lower the threshold Voltage by 
applying a Second bias arrangement and a third bias arrange 
ment. Via the Second bias arrangement, the threshold Voltage 
of the memory cell is lowered. The third bias arrangement 
causes a first movement of electrons and a Second movement 
of electrons causing the threshold Voltage to converge 
toward a convergence Voltage. 

0.015. Another embodiment provides an integrated circuit 
with a Substrate, memory cells on the Substrate, and con 
troller circuitry coupled to the memory cells. Each memory 
cell has a threshold Voltage and comprises a charge trapping 
Structure, a gate, and Source and drain regions in the Sub 
Strate. The controller circuitry includes logic to apply a first 
bias arrangement. The first bias arrangement causes a move 
ment of holes, a first movement of electrons, and a Second 
movement of electrons. In the movement of holes, holes 
move to the charge trapping Structure, lowering the thresh 
old voltage of the memory cell. Due to the movements of 
charge, the threshold Voltage converges toward a conver 
gence Voltage. 
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0016. In some embodiments, the third bias arrangement 
removes holes from the charge trapping Structure. For 
example, a movement of electrons into the charge trapping 
Structure will result in the recombination of trapped holes 
with electrons moving to the charge trapping Structure. 

0017. In some embodiments, the charge balancing bias 
arrangement is applied to add a balanced charge to the 
charge trapping Structure prior to any cycles of raising and 
lowering the threshold Voltage. For example, the addition of 
electrons raises the threshold Voltage of the memory cell 
prior to any cycles of raising and lowering the threshold 
Voltage. In one embodiment, this raised threshold Voltage 
prior to any cycles of raising and lowering the threshold 
Voltage is lower than the minimum threshold Voltage achiev 
able via the first bias arrangement and Second bias arrange 
ment. In another embodiment, this raised threshold Voltage 
prior to any cycles of raising and lowering the threshold 
Voltage is lower than the program Verify Voltage and the 
erase verify voltage of the memory cell. 

0018 Embodiments of the technology described herein 
include an operating method for memory cell comprising a 
charge trapping structure. The method includes lowering the 
threshold of the memory cell via a first bias arrangement in 
raising the threshold of the memory cell via a Second bias 
arrangement. After an interval of time in which a plurality of 
threshold Voltage raising and lowering cycles occurs or is 
likely to occur, a third bias arrangement is applied pending 
to balance the distribution of charge of the charge trapping 
Structure. When applied at intervals, the charge balancing 
operation includes a relatively long pulse (Such as one 
second in embodiments described below), so that the 
memory cells achieve equilibrium State, or nearly achieve 
equilibrium State. The interval of time between charge 
balancing operations that include applying the third bias 
arrangement, is determined in a variety of manners as Suits 
the particular implementation. For example, interval can be 
determined using a timer, causing a charge balancing opera 
tion in regular periods of time. Alternatively, interval can be 
determined using a counter for program an erase cycles. 
Alternatively, the interval can be determined using other 
factors indicating the lapse of time during operation of the 
device, including power on and power off events in the like. 

0019 Embodiments of the technology include a method 
of operating a memory cell that comprises applying a first 
procedure (typically erase) to establish a low threshold State 
including a first bias arrangement causing reduction in 
negative charge in the charge trapping structure, and a 
Second bias arrangement tending to the induce balanced 
charge tunneling between the gate and the charge trapping 
Structure and between the charge trapping Structure in the 
channel. A second procedure (typically program) is used to 
establish a high threshold State in the memory cell, including 
a third bias arrangement that causes an increase in negative 
charge in the charge trapping Structure. In embodiments 
applying a charge balancing pulse during a procedure for 
establishing a low threshold State, the charge balancing pulse 
may not be long enough to achieve equilibrium State, but 
rather long enough (50 to 100 milliseconds in embodiments 
described below) to cause Some tightening in the threshold, 
and balancing of charge in the charge trapping structure. 

0020. A charge balancing and erase technique described 
herein can be performed in any Sequence, for example in a 
Sandisk Technologies, Inc. - Ex. 1031, Page 000033
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Sequence that Starts in response to an erase command that 
Starts an erase operation, Such as a Sector erase. By applying 
the charge balancing operation as part of an erase procedure, 
the operation can be applied using shorter intervals of charge 
balancing pulses, which do not necessarily achieve the 
equilibrium state, but rather tend to balance the distribution 
of charge in the charge trapping Structure. For example, a 
relatively short charge balancing pulse can be applied before 
the erase, where the charge balancing pulse will tend to 
cause greater electron ejection current due to the negative 
charge in the charge trapping Structure prior to the hot hole 
injection, to tighten the erase State Vit distribution, making 
erase easier. Alternatively, a relatively short charge balanc 
ing pulse can be applied after the erase, where the charge 
balancing pulse will tend to cause greater electron injection 
because of the more positive charge in the charge balancing 
Structure, to neutralize the hole traps and improve the charge 
retention. 

0021 For NROM-like flash memory devices, sector erase 
is performed by hot hole erase procedures. In combination 
with the hot hole erase procedure, an additional charge 
balancing operation is applied in embodiments of the tech 
nology described. Since the charge balancing operation has 
Self-convergent properties, it helps to raise the threshold 
Voltage of the over-erased cell and decrease the threshold 
Voltage of the hard-to-erase cell. Also, tightening of the 
distribution of the target threshold voltage for the low 
threshold State across an array of memory cells can be 
accomplished using the charge balancing operation. For 
SONOS-type memory cells, FN tunneling is used for erase 
procedures, in combination with the charge balancing pulse. 

0022. An alternative method to combine the charge bal 
ancing and hot hole erase is to turn on the junction bias on 
the Source and drain Slightly during a negative gate Voltage 
bias arrangement for charge balancing. In this situation, hot 
hole injection, gate injection and electron de-trapping hap 
pen Simultaneously. This hybrid erase method also shows 
good endurance and better reliability properties than that of 
the conventional hot hole erase method. 

0023 Smart erase algorithms are suggested by the 
present technology. The user can design a Suitable Sequence 
of charge balancing and erase to obtain good endurance and 
reliability. The charge balancing operation based on negative 
gate tunneling is used in combination with hot hole injection 
or other bias arrangements, to achieve better erase-state 
threshold Voltage control, and acceptable erase Speed. The 
charge balancing/hot hole erase can converge the threshold 
Voltage for the over-erased cell and the hard-to-erase cell 
Simultaneously. 

0024. The charge balancing operation can serve as an 
electrical annealing Step to neutralize hole traps, and thus 
greatly improve device reliability. 

0.025 The charge balancing method and erase method 
can be combined in any Sequence during the erase operation, 
or they can be turned on Simultaneously. 

0026. Another method embodiment also applies multiple 
bias arrangements. Via a first bias arrangement, the thresh 
old Voltage of the memory cell is raised. In response to a 
command to lower the threshold Voltage, the Second bias 
arrangement and the third bias arrangement are applied. Via 
the Second bias arrangement, the threshold Voltage of the 
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memory cell is lowered. The third bias arrangement com 
prises a charge balancing pulse, which causes the threshold 
Voltage to converge toward a convergence Voltage. In Some 
embodiments, in response to a command to lower the 
threshold Voltage, the third bias arrangement is applied after 
the Second bias arrangement. In Some embodiments, in 
response to a command to lower the threshold Voltage, the 
third bias arrangement is applied before the Second bias 
arrangement. In Some embodiments, in response to a com 
mand to lower the threshold Voltage, the third bias arrange 
ment is applied both before and after the second bias 
arrangement. In yet other embodiments, the charge balanc 
ing third bias arrangement is applied at the same time as, and 
in combination with the Second bias arrangement. 
0027. Another embodiment provides an integrated circuit 
with a Substrate, memory cells on the Substrate, and con 
troller circuitry coupled to the memory cells. Each memory 
cell has a threshold Voltage and comprises a charge trapping 
Structure, a gate, and Source and drain regions in the Sub 
Strate. The controller circuitry includes logic to raise the 
threshold voltage (program) via a first bias arrangement, and 
logic responding to a command to lower the threshold 
voltage (erase) by applying a second bias arrangement and 
a third bias arrangement. Via the Second bias arrangement, 
the threshold voltage of the memory cell is lowered. The 
third bias arrangement causes a balancing of charge move 
ment So that the threshold Voltage converges toward a target 
threshold. 

0028. In some embodiments, the charge balancing bias 
arrangement is applied to add charge to the charge trapping 
Structure prior to any cycles of raising and lowering the 
threshold Voltage. For example, the addition of electrons in 
a balanced distribution in the charge trapping Structure of the 
cell raises the threshold Voltage of the memory cell prior to 
any cycles of raising and lowering the threshold Voltage. 
0029. A programming algorithm according to embodi 
ments of the technology includes a refill cycle to alter the 
electron trapping spectrum in the charge trapping structure 
of the memory devices. A refill cycle includes applying a 
bias arrangement to increase the negative charge in the 
charge trapping Structure followed by a short charge bal 
ancing pulse tending to cause ejection electrons from shal 
low traps in the charge trapping Structure, and repeating 
them bias arrangement to increase the negative charge in the 
charge trapping structure. One or more of the refill cycles is 
applied to increase the relative concentration of electrons in 
deeper traps in the charge trapping Structure, and to maintain 
the high threshold State which is the target of the program 
operation. The shallow level electrons tend to de-trap faster 
than the deeper level electrons. After the charge balancing 
pulse, the threshold Voltage drops a little, and a reprogram 
or “refill” of charge is applied to return the device to the 
original program verify threshold level. Repeated charge 
balance/refill processes result in a shift of the trapping 
Spectrum towards deep level electrons. This phenomenon is 
called “spectrum blue shift”. The refill processes can greatly 
improve charge retention, even for devices Strongly dam 
aged by large numbers of program and erase cycles. There 
fore, the refill proceSS provides an effective operation to 
improve charge retention in charge trapping memory 
devices. Furthermore, with the refill method, thinner dielec 
tric layers can be utilized for the bottom dielectric, charge 
trapping Structure and top dielectric without charge loSS. 
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Thinner dielectric layerS may help Scale device sizes down 
ward for charge trapping memory devices. 
0.030. Another embodiment provides an integrated circuit 
with a Substrate, memory cells on the Substrate, and con 
troller circuitry coupled to the memory cells. Each memory 
cell has a threshold Voltage and comprises a charge trapping 
Structure, a gate, and Source and drain regions in the Sub 
Strate. The controller circuitry includes logic to raise the 
threshold voltage (program) via a refill procedure as 
described above. 

0031. The target threshold of the charge balancing opera 
tion depends on a number of factors, including the relative 
amounts of charge tunneling from the gate to the charge 
trapping Structure through the top dielectric, and from the 
charge trapping Structure to the channel through the bottom 
dielectric. For a lower target threshold, injection current by 
electron tunneling from the gate to the charge trapping 
Structure is reduced relative to ejection current by electron 
tunneling from the charge trapping Structure to the channel. 
The reduction is achieved in embodiments of the technology 
by inhibiting tunneling in the top dielectric by using a gate 
material having a relatively high work function. 
0032. Other aspects and advantages of the technology 
presented herein can be understood with reference to the 
figures, the detailed description and the claims, which fol 
low. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.033 FIG. 1A is a simplified diagram of a charge 
trapping memory cell prior to any program and erase cycles. 
0034 FIG. 1B is a simplified diagram of the charge 
trapping memory cell of FIG. 1A with a balanced distribu 
tion of charge added prior to any program and erase cycles. 
0.035 FIG. 2A is a simplified diagram of a charge 
trapping memory cell following multiple program and erase 
cycles. 

0.036 FIG. 2B is a simplified diagram of the charge 
trapping memory cell of FIG. 2A following a balancing in 
the distribution of charge. 
0037 FIG. 3A is a simplified diagram of a charge 
trapping memory cell following a balancing in the distribu 
tion of charge. 
0038 FIG. 3B is a simplified diagram of the charge 
trapping memory cell of FIG. 3A undergoing channel hot 
electron injection. 
0039 FIG. 3C is a simplified diagram of the charge 
trapping memory cell of FIG. 3B undergoing band-to-band 
tunneling hot hole injection. 
0040 FIG. 3D is a simplified diagram of the charge 
trapping memory cell of FIG. 3C undergoing a balancing in 
the distribution of charge. 
0041 FIG. 4 illustrates a representative process for 
changing a distribution of charge in a charge trapping 
memory cell following multiple program and erase cycles. 

0.042 FIG. 5 illustrates a representative process for add 
ing charge to a charge trapping memory cell prior to any 
program and erase cycles, and changing a distribution of 
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charge in the charge trapping memory cell following mul 
tiple program and erase cycles. 
0043 FIG. 6 is a graph of threshold voltage versus the 
number of program and erase cycles, and compares the 
threshold Voltage of memory cells before and after changing 
the distribution of charge. 
0044 FIG. 7 is a graph of threshold voltage versus the 
number of program and erase cycles, and shows the consis 
tency of threshold Voltage of memory cells following a 
change of the distribution of charge. 
004.5 FIG. 8 is a graph of threshold voltage versus the 
number of erase operations, and compares the efficacy of the 
erase operation in lowering the threshold Voltage with and 
without a change in the distribution of charge. 
0046 FIG. 9 is a graph of delta threshold voltage versus 
retention time, and compares a programmed memory cell 
without any program and erase cycles with memory cells 
undergoing many program and erase cycles. 

0047 FIG. 10 is a graph of delta threshold voltage versus 
retention time, and compares memory cells that have charge 
added prior to any program and erase cycles but afterwards 
experience a different number of program and erase cycles. 
0048 FIG. 11 illustrates a representative process for 
adding charge to a charge trapping memory cell prior to any 
program and erase cycles, and changing a distribution of 
charge in the charge trapping memory cell following an 
interval in which program and erase cycles are likely to 
OCC. 

0049 FIG. 12 is a simplified block diagram of an inte 
grated circuit according to an embodiment of the present 
invention. 

0050 FIG. 13 is a flow chart for an erase process 
including a balancing pulse. 

0051 FIG. 14 is a flow chart of an alternative erase 
process including a balancing pulse. 

0052 FIG. 15 is a graph of threshold voltage versus time, 
and compares the different rates of Saturation at various gate 
Voltages. 

0053 FIGS. 16 and 17 are graphs of threshold voltage 
Versus time, and show the convergent behavior of the 
memory cell in response to a bias that changes a distribution 
of charge in the charge trapping Structure. 
0054 FIG. 18 is a graph of threshold voltage versus time, 
and shows the convergent behavior for memory cells with 
different channel lengths. 
0055 FIG. 19 is a graph of threshold voltage versus the 
number of program and erase cycles for a multi-bit memory 
cell with regular changes in the distribution of charge. 
0056 FIG. 20 is a graph of threshold voltage versus the 
number of program and erase cycles for a multi-bit memory 
cell without regular changes in the distribution of charge. 
0057 FIG.21 is a graph of delta threshold voltage versus 
retention time, and contrasts memory cells with and without 
regular changes in the distribution of charge. 
0058 FIG. 22 is a simplified diagram of a charge trap 
ping memory cell with a hybrid bias that Simultaneously 
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lowers the threshold Voltage of the memory cell and changes 
the distribution of charge in the charge trapping layer. 

0059 FIG.23 is a graph of threshold voltage versus time, 
and compares memory cells with different hybrid biases. 

0060 FIGS. 24 and 25 illustrate representative processes 
for operating a memory cell by changing the distribution of 
charge in the charge trapping layer before and after lowering 
the threshold voltage of the memory cell. 
0061 FIG. 26 illustrates a representative process for 
operating a memory cell by applying a hybrid bias that 
Simultaneously changes the distribution of charge in the 
charge trapping layer while lowering the threshold Voltage 
of the memory cell. 

0.062 FIG. 27 is a flow chart for a program operation 
with refill cycles according to embodiments of the described 
technology. 

0.063 FIG.28 is a graph of threshold voltage versus erase 
time for a charge balancing pulse for one embodiment of a 
program operation with refill cycles. 

0.064 FIG.29 is a graph of threshold voltage versus refill 
cycle for the embodiment of a program operation used for 
the data in FIG. 28. 

0065 FIG. 30 is a graph of threshold voltage versus erase 
time for a charge balancing pulse for one embodiment of a 
program operation with refill cycles. 

0.066 FIG.31 is a graph of threshold voltage versus refill 
cycle for the embodiment of a program operation used for 
the data in FIG. 30. 

0067 FIG. 32 is a graph illustrating data retention char 
acteristics for a device programmed using refill operations, 
and a device programmed without refill operations. 

0068 FIG. 33 is a simplified energy level diagram for a 
charge trapping memory cell illustrating concepts applied in 
the present description. 

DETAILED DESCRIPTION 

0069 FIG. 1A is a simplified diagram of a charge 
trapping memory cell. The Substrate includes n+ doped 
regions 150 and 160, and a p-doped region 170 between the 
n+ doped regions 150 and 160. The remainder of the 
memory cell includes a bottom dielectric structure 140 on 
the Substrate, a charge trapping Structure 130 on the bottom 
dielectric structure 140 (bottom oxide), a top dielectric 
Structure 120 (top oxide) on the charge trapping structure 
130, and a gate 110 on the oxide structure 120. Represen 
tative top dielectrics include Silicon dioxide and Silicon 
Oxynitride having a thickness of about 5 to 10 nanometers, 
or other Similar high dielectric constant materials including 
for example Al-O. Representative bottom dielectrics 
include Silicon dioxide and Silicon oxynitride having a 
thickness of about 3 to 10 nanometers, or other similar high 
dielectric constant materials. Representative charge trapping 
Structures include Silicon nitride having a thickness of about 
3 to 9 nanometers, or other similar high dielectric constant 
materials, including metal oxides Such as Al-O, HfO, and 
others. The charge trapping Structure may be a discontinuous 
Set of pockets or particles of charge trapping material, or a 
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continuous layer as shown in the drawing. The charge 
trapping Structure 130 has trapped charge Such as repre 
sented by electron 131. 
0070 The memory cell for NROM-like cells has, for 
example, a bottom oxide with a thickness ranging from 3 
nanometers to 10 nanometers, a charge trapping layer with 
a thickness ranging from 3 nanometers to 9 nanometers, and 
a top oxide with a thickness ranging from 5 nanometers to 
10 nanometers. The memory cell for SONOS-like cells has, 
for example, a bottom oxide with a thickness ranging from 
1 nanometer to 3 nanometers, a charge trapping layer with 
a thickness ranging from 3 nanometers to 5 nanometers, and 
a top oxide with a thickness ranging from 3 nanometers to 
10 nanometers. 

0071. In some embodiments, the gate comprises a mate 
rial having a work function greater than the intrinsic work 
function of n-type Silicon, or greater than about 4.1 eV, and 
preferably greater than about 4.25 eV, including for example 
greater than about 5 eV. Representative gate materials 
include p-type poly, TiN, Pt, and other high work function 
metals and materials. Other materials having a relatively 
high work function Suitable for embodiments of the tech 
nology include metals including but not limited to Ru, Ir, Ni, 
and Co, metal alloys including but not limited to Ru-Ti and 
Ni-T, metal nitrides, and metal oxides including but not 
limited to RuO2. High work function gate materials result in 
higher injection barriers for electron tunneling than that of 
the typical n-type polysilicon gate. The injection barrier for 
n-type polysilicon gates with Silicon dioxide as the top 
dielectric is around 3.15 eV. Thus, embodiments of the 
present technology use materials for the gate and for the top 
dielectric having an injection barrier higher than about 3.15 
eV, such as higher than about 3.4 eV, and preferably higher 
than about 4 eV. For p-type polysilicon gates with Silicon 
dioxide top dielectrics, the injection barrier is about 4.25 eV, 
and the resulting threshold of the converged cell, as dis 
cussed in more detail below with reference to FIG. 1B, is 
reduced about 2 volts relative to a cell having an n-type 
polysilicon gate with a Silicon dioxide top dielectric. 
0072. In the diagram of FIG. 1A, the memory cell has not 
undergone any program and erase cycles, and the trapped 
charge is a result of the Semiconductor fabrication process, 
for example. In an array of Such memory cells, the amount 
of charge trapped in the memory cells due to manufacturing 
processes can vary significantly across the array. 
0073 AS generally used herein, programming refers to 
raising the threshold Voltage of a memory cell and erasing 
refers to lowering the threshold Voltage of a memory cell. 
However, the invention encompasses both products and 
methods where programming refers to raising the threshold 
Voltage of a memory cell and erasing refers to lowering the 
threshold Voltage of a memory cell, and products and 
methods where programming refers to lowering the thresh 
old Voltage of a memory cell and erase refers to raising the 
threshold Voltage of a memory cell. 
0074 FIG. 1B is a simplified diagram of the charge 
trapping memory cell of FIG. 1A with charge added prior to 
any program and erase cycles. A potential of 0 V is placed 
on the source 150, the drain 160, and the Substrate 170. A 
potential of -20 V is placed on the gate 110, which is 
Sufficient to induce an E-field across the bottom oxide of 
about 0.7 to 1.0 Volts/nm or higher. This bias arrangement 
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tends to balance the charge distribution in the charge trap 
ping Structure 130, by inducing both electron injection 
current from the gate to the charge trapping layer and 
electron ejection current from the charge trapping structure 
to the channel, which reaches a dynamic balance or equi 
librium after sufficient time, in which the threshold voltage 
of the memory cell is converged on a target threshold, and 
which results in a balanced distribution of charge acroSS the 
length of the channel. This bias arrangement is Substantially 
Symmetrical acroSS the channel of the memory cell. This 
bias arrangement adds charge to the charge trapping Struc 
ture 130, Such as electron 132, when the cell has a small 
amount of charge before the bias arrangement is applied. 
However, the amount of charge trapped in a charge trapping 
Structure due to manufacturing induced StreSS or otherwise 
before the device is programmed and erased in the field, can 
vary Substantially acroSS an array of memory cells on a 
single integrated circuit. The bias arrangement of FIG. 1B 
will tend to balance, and establish an equilibrium in, the 
amount of charge trapped in memory cells acroSS the array 
within a reasonable tolerance. The target threshold of the 
bias arrangement of FIG. 1B depends on the equilibrium 
condition at which the electron injection current and electron 
ejection current balance. This equilibrium occurs when the 
amount of charge in the charge trapping Structure is balanced 
acroSS the channel, and remains Substantially constant under 
the bias condition. The threshold voltage of the memory cell, 
which is a function of the amount of charge in the charge 
trapping Structure, when the dynamic balance condition is 
reached depends on the characteristics of the top and bottom 
oxides, the gate and the charge trapping Structure. Condi 
tions favoring electron ejection current over electron injec 
tion from the gate tend to lower the target threshold. Lower 
target thresholds are desirable because they allow lower 
Voltage operations of the memory cell during read. Thus, 
embodiments of the memory cell employ high work function 
gate material, Such as p+ doped polysilicon, or high dielec 
tric constant top oxide material Such as Al2O, or both, to 
achieve a lower target threshold. 
0075. The magnitude of the gate-to-substrate bias accord 
ing to embodiments of a charge balancing pulse is deter 
mined with reference to the effective oxide thickness EOT of 
the dielectric Stack, including the top dielectric, the charge 
trapping structure and the bottom dielectric, when the EOT 
is the actual thickness as normalized with respect to the 
permittivity of Silicon dioxide. For example, when the top 
dielectric, charge trapping Structure and bottom dielectric 
comprise Silicon dioxide, Silicon nitride and Silicon dioxide, 
respectively, the structure is referred to as an ONO stack. For 
an ONO stack, the EOT is equal to the top oxide thickness, 
plus the bottom oxide thickness plus the nitride thickneSS 
times the oxide permittivity divided by nitride permittivity. 
Now, the bias arrangement for a charge balancing pulse can 
be defined for NROM-like and SONOS-like memory cells 
as follows: 

0076) 1. NROM-like memory cells for the purpose of this 
description are cells that have a bottom oxide thickneSS >3 
nm. The dielectric stack has an EOT (10 nm to 25 nm, for 
example), and the bottom oxide is thicker than 3 nm to 
prevent direct tunneling of holes from the Substrate, and the 
gate to the Substrate bias has a voltage (-12 volts to -24 
volts for example), and the voltage divided by EOT is 
greater than 0.7 V/nm, and preferably about 1.0 V/nm, plus 
or minus about 10%. 
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EOT Calculation for ONO in NROM-like cell: 

MIN MAX 

Top OX (permittivity = 3.9) 5 nm. 10 mm 
SIN (permittivity = 7) 3 mm 9 mm. 
Bottom OX (permittivity = 3 mm 10 mm 
3.9) 
SUM 5 +3*3.9f 10+ 9*3.9f 

7 + 3 = 10 (nm) 7+ 10 = 25 nm. 

0.077 2. SONOS-like memory cells for the purpose of 
this description are cells that have a bottom oxide thickness 
<3 nm. The dielectric stack has an EOT (5 nm to 16 nm, for 
example), and the bottom oxide is thinner than 3 nm, 
allowing direct tunneling of holes from Substrate. The gate 
to the substrate bias for SONOS-like cells has a voltage (-5 
volts to -15 volts for example), and that voltage divided by 
the EOT is greater than 0.3 V/nm, and preferably about 1.0 
V/nm, plus or minus about 10%. 

EOT Calculation for ONO in SONOS-like cell: 

MIN MAX 

Top OX (permittivity = 3.9) 3 mm 10 mm 
SIN (permittivity = 7) 3 mm 5 mm 
Bottom OX (permittivity = 1 nm. 3 mm 
3.9) 
SUM 3 + 3*3.9f 10+ 5*3.9f 

7 + 1 = 5.7 (nm) 7+ 3 = 15.8 mm 

0078 For materials other than silicon dioxide and silicon 
nitride in the Stack, the EOT is calculated in the same way, 
normalizing the thickness of the material by a factor of the 
permittivity of silicon dioxide divided by the permittivity of 
the material. 

007.9 FIG. 2A is a simplified diagram of a charge 
trapping memory cell following multiple program and erase 
cycles. The Substrate includes n+ doped regions 250 and 
260, and a p-doped region 270 between the n+ doped regions 
250 and 260. The remainder of the memory cell includes an 
oxide Structure 240 on the Substrate, a charge trapping 
structure 230 on the oxide structure 240, another oxide 
Structure 220 on the charge trapping Structure 230, and a gate 
210 on the oxide structure 220. The multiple program and 
erase cycles leave behind trapped charge in the charge 
trapping structure 230, such as electrons 231 and 232, due to 
the difference in the bias arrangements used to achieve 
program and erase, due to which Some electrons may be 
trapped at locations in the charge trapping Structure, using 
channel hot electron injection, that the erasing algorithm, 
Such as band-to-band tunneling induced hot hole injection, 
is unable to affect. 

0080 FIG. 2B is a simplified diagram of the charge 
trapping memory cell of FIG. 2A following a change in the 
distribution of charge, and applying a bias arrangement like 
that described above with reference to FIG. 1B. A potential 
of 0 V is placed on the source 250, the drain 260, and the 
substrate 270. A potential of -20 V, in this example, is placed 
on the gate 210. This bias arrangement tends to balance the 
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charge distribution in the charge trapping Structure 230, by 
removing exceSS electrons in regions in which the electrons 
have built up during program and erase cycling, Such as 
electron 232, and by inducing both electron injection current 
from the gate to the charge trapping layer and electron 
ejection current from the charge trapping structure to the 
channel, which reaches a dynamic balance or equilibrium 
after sufficient time, in which the threshold voltage of the 
memory cell is converged on a target threshold, and which 
results in a balanced distribution of charge acroSS the length 
of the channel. This bias arrangement is Substantially Sym 
metrical across the channel of the memory cell. 
0081. A method according to the described technology, 
comprises lowering the threshold Voltage of the memory cell 
via a first bias arrangement, raising the threshold Voltage of 
the memory cell via a Second bias arrangement, and apply 
ing to the gate of the memory cell a third bias arrangement 
in association with one of the first and Second bias arrange 
ments. The third bias arrangement can be considered to 
cause a first movement of electrons and a Second movement 
of electrons. If the gate has a negative Voltage relative to the 
Substrate, the first movement of electrons is from the gate to 
the charge trapping Structure and the Second movement of 
electrons is from the charge trapping Structure to the Sub 
Strate. If the gate has a positive Voltage relative to the 
Substrate, the first movement of electrons is from the Sub 
Strate to the charge trapping Structure and the Second move 
ment of electrons is from the charge trapping Structure to the 
gate. The rate of the first movement of electrons decreases 
as the threshold Voltage increases, or increases as the thresh 
old Voltage decreases. The rate of the Second movement of 
electrons increaseS as the threshold Voltage increases, or 
decreases as the threshold Voltage decreases. These move 
ments of electrons cause the threshold Voltage to converge 
toward a target threshold. The bias arrangement tends to 
balance the distribution of charge in the charge trapping 
layer, when the threshold Voltage nears the target threshold, 
Substantially acroSS the length of the channel of the memory 
cell, as opposed to concentrating the charge on one side of 
the channel or the other. 

0082 FIGS. 3A-3D illustrate a program and erase cycle 
that leaves behind charge in the charge trapping layer of a 
memory cell, followed by a change in the distribution of 
charge. 
0.083 FIG. 3A is a simplified diagram of a charge 
trapping memory cell following a balancing of the distribu 
tion of charge. The substrate includes n+ doped regions 350 
and 360, and a p-doped region 370 between the n+ doped 
regions 350 and 360. The remainder of the memory cell 
includes an oxide Structure 340 on the Substrate, a charge 
trapping structure 330 on the oxide structure 340, another 
oxide structure 320 on the charge trapping structure 330, and 
a gate 310 on the oxide structure 320. 
0084 FIGS. 3B and 3C show examples of bias arrange 
ments that program and erase the memory cell, respectively. 
0085 FIG. 3B is a simplified diagram of the charge 
trapping memory cell of FIG. 3A undergoing channel hot 
electron CHE injection. A potential of 0 V is placed on the 
Source 350. A potential of 5.5 V is placed on the drain 360. 
A potential of 8 V is placed on the gate 310. This bias 
arrangement causes channel hot electrons Such as electron 
332 to be transported from the channel in p-doped region 
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370 into the charge trapping structure 330 in a region 
focused near the drain at which the positive Voltage is 
applied. Electron 331 is an example of charge that has been 
trapped in the charge trapping Structure 330 following 
injection. Other programming bias arrangements (bias 
arrangements for establishing a high threshold State, or 
multiple high threshold States for multibit operation) are 
applied in other embodiments. Representative program bias 
arrangements include channel initiated Secondary electron 
injection CHISEL, source side injection SSI, drain ava 
lanche hot electron injection DAHE, pulse agitated Substrate 
hot electron injection PASHEI, and positive gate E-field 
assisted (Fowler-Nordheim) tunneling, and other bias 
arrangements. 
0086 FIG. 3C is a simplified diagram of the charge 
trapping memory cell of FIG. 3B undergoing band-to-band 
tunneling induced hot hole injection. A potential of -3 V is 
placed on the gate. A potential of 0 V is placed on the Source 
350. A potential of 5.5 V is placed on the drain 360. A 
potential of 0 V is placed on the other portion of the substrate 
370. This bias arrangement causes hot hole injection via 
band-to-band tunneling of holes such as 334 to be trans 
ported from a region near the drain 360 into the charge 
trapping structure 330. Hole 333 is an example of charge that 
has been trapped in the charge trapping Structure 330 fol 
lowing injection. The region in which holes are injected to 
reduce the concentration of electrons in the charge trapping 
layer does not match perfectly with the region in which 
electrons are injected. Thus, after a number of program and 
erase cycles, a concentration of electrons accumulates in the 
charge trapping Structure, which interferes with the ability to 
achieve a low threshold State, and limits the endurance of the 
device. Other erase bias arrangements (bias arrangements 
for establishing a low threshold State) include negative gate 
E-field assisted tunneling at Voltages causing electron ejec 
tion without Significant electron injection from the gate, 
direct tunneling of electrons out of, or holes into, the charge 
trapping Structure for thin bottom oxide embodiments, and 
others. 

0087 FIG. 3D is a simplified diagram of the charge 
trapping memory cell of FIG. 3C, showing a concentration 
of trapped electrons 335 that is not affected by the injected 
holes 333, and interferes with the minimum threshold that 
can be achieved. By applying a charge balancing bias 
arrangement like that described above with reference to 
FIG. 1B, tending to balance the distribution of charge, a 
change in the distribution of charge in the charge trapping 
layer is achieved which reduces or eliminates the exceSS 
trapped charge. In this example, a potential of -20 V is 
placed on the gate. The potential from the gate to the 
Substrate in the region of the channel is a Voltage, which 
when divided by the EOT of the top dielectric, charge 
trapping Structure and bottom dielectric is greater than 0.7 
V/nm, and preferably about 1.0 V/nm, for NROM-like cells 
and greater than about 0.3 V/nm, and preferably about 1.0 
V/nm, for SONOS-like cells. A potential of 0 V is placed on 
the source 350, the drain 360, and the portion of the substrate 
370 in which the channel is formed in this example. This 
bias arrangement causes a change in the distribution of 
charge in the charge trapping Structure 330. In the change in 
the distribution of charge, exceSS charge is removed, and/or 
electrons are added. Charge Such as electron 311 is trans 
ported from the gate to the charge trapping Structure 330, by 
a charge movement mechanism Such as E-field assisted 
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tunneling. This charge removes trapped holes from the 
charge trapping structure 330 such as hole 333. Charge such 
as electron 335 which is trapped in locations that are Spaced 
away from the region in which hot holes are injected, is 
transported from the charge trapping Structure 330 to the 
p-type region 370, by a charge movement mechanism Such 
as E-field assisted tunneling. In fact, E-field assisted tunnel 
ing from the charge trapping layer to the channel can occur 
under this bias arrangement Substantially entirely acroSS the 
length of the channel. This bias arrangement tends to bal 
ance the charge distribution in the charge trapping Structure 
330, by removing excess electrons in regions in which the 
electrons have built up during program and erase cycling, 
Such as electron333, and by inducing both electron injection 
current from the gate to the charge trapping layer and 
electron ejection current from the charge trapping structure 
to the channel, which reaches a dynamic balance or equi 
librium after sufficient time, in which the threshold voltage 
of the memory cell is converged on a target threshold, and 
which results in a balanced distribution of charge acroSS the 
length of the channel. This bias arrangement is Substantially 
Symmetrical acroSS the channel of the memory cell. If the 
bias arrangement is applied for a long pulse, on the order of 
0.5 to 1.0 Seconds, then equilibrium, or near equilibrium, is 
achieved, and the charge distribution is balanced as illus 
trated in FIG. 3A for example. If the bias arrangement is 
applied for a short pulse, on the order of 1 to 50 milliseconds 
Seconds for example, then the charge distribution tends to 
balance but may not reach the equilibrium State. 

0088 FIG. 4 illustrates a representative process for 
changing a distribution of charge in a charge trapping 
memory cell following multiple program and erase cycles. A 
new memory cell 410 has not yet experienced any program 
and erase cycles. At 420 and 430, the memory cell is 
programmed and erased via first and Second bias arrange 
ments. At 440, a determination occurs as to whether the 
interval of program and erase cycles is over. The interval is 
determined by counting a number of program and erase 
cycles. If interval is not yet over, the memory cell is 
programmed and erased at 420 and 430 again. Otherwise, at 
450 the distribution of charge in the memory cell is changed 
via a third bias arrangement in which the potential from the 
gate to the Substrate in the region of the channel is a Voltage, 
which when divided by the EOT of the top dielectric, charge 
trapping Structure and bottom dielectric is greater than 0.7 
V/nm, and preferably about 1.0 V/nm, for NROM-like cells 
and greater than about 0.3 V/nm, and preferably about 1.0 
V/nm, for SONOS-like cells. 

0089. In various embodiments, the first bias arrangement 
and the Second bias arrangement each cause one or more of 
E-field assisted tunneling, hot electron injection Such as 
channel hot electron CHE injection, channel initiated Sec 
ondary electron CHISEL injection, and/or hot hole injection 
such as band-to-band tunneling hot hole BTBTHH injection. 
The charge movement mechanisms may be the same or 
different among different bias arrangements. However, even 
if one or more charge movement mechanisms are the same 
among different bias arrangements, the first bias arrange 
ment, the Second bias arrangement, and the third bias 
arrangement each place a different bias arrangement on the 
memory cell, each with a distinct combination of Voltages on 
the terminals of the memory cell. 
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0090. In some embodiments with exemplary specific bias 
arrangements: the third bias arrangement places a gate of the 
memory cell at a negative potential relative to a Source, 
drain, and Substrate of the memory cell; the first bias 
arrangement causes hot hole injection and the Second bias 
arrangement causes hot electron injection; the first bias 
arrangement causes hot hole injection, the Second bias 
arrangement causes hot electron injection, and the third bias 
arrangement causes E-field assisted tunneling, the first bias 
arrangement causes hot hole injection, the Second bias 
arrangement causes hot electron injection, and the third bias 
arrangement places a gate of the memory cell at a negative 
potential relative to a Source, drain, and Substrate of the 
memory cell, which has a magnitude for NROM-like cells 
greater than about 0.7 V/nm of EOT for dielectric stack, and 
a magnitude for SONOS-like cells greater than about 0.3 
V/nm, and preferably about 1.0 V/nm of EOT for the 
dielectric Stack. 

0091 FIG. 5 illustrates a representative process for add 
ing charge to a charge trapping memory cell prior to any 
program and erase cycles, and changing a distribution of 
charge in the charge trapping memory cell following mul 
tiple program and erase cycles. The proceSS is similar to the 
process of FIG. 4. However, prior to any program and erase 
cycles at steps 520 and 530, charge is added to the cell at 515 
using a charge balancing pulse as described above, thereby 
raising the threshold Voltage achievable in the memory cell 
via programming and/or erasing. Following the addition of 
charge at 515, the threshold voltage is less than a threshold 
Voltage in the memory cell following erasing or program 
ming, and is less than program Verify and erase verify 
Voltages of the memory cell. 
0092 FIG. 6 is a graph of threshold voltage versus the 
number of program and erase cycles, and compares the 
threshold Voltage of memory cells before and after changing 
the distribution of charge. Memory cells undergo a different 
number of program and erase cycles prior to undergoing a 
change in the distribution of charge in the charge trapping 
structure. The data points 610 (hollow dot) represent 
memory cells prior to undergoing a change in the distribu 
tion of charge. The data points 610 include data sets 630, 
640, 650, and 660. In data set 630, the memory cell 
undergoes 500 program and erase cycles at a time before 
each operation to change the distribution of charge. In data 
set 640, after the first 1,000 program and erase cycles, the 
memory cell undergoes 1,000 program and erase cycles at a 
time before each operation to change the distribution of 
charge. In data set 650, after the first 10,000 program and 
erase cycles, the memory cell undergoes 10,000 program 
and erase cycles at a time before each operation to change 
the distribution of charge. In data set 660, after the first 
100,000 program and erase cycles, the memory cell under 
goes 50,000 program and erase cycles at a time before each 
operation to change the distribution of charge. As the 
number of program and erase cycles increases through data 
sets 630, 640, 650, and 660, the threshold voltage of the 
memory cell increases prior to an operation to change the 
distribution of charge. The data points 620 (solid dot) 
represent the memory cells after undergoing a change in the 
distribution of charge using the bias arrangement described 
above with reference to FIG. 3D. The graph shows that all 
the data points 610, except for data set 630, exceed the erase 
verify voltage of 3.8 V indicated by line 670. The data set 
660 actually exceeds the program verify voltage of 5.3 V 
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indicated by line 680. Data sets 630, 640, 650, and 660 show 
varying degrees of interference with a minimum threshold 
voltage achievable in the memory cell. The data points 620 
show that the operation to change the distribution of charge 
successfully lowers the threshold voltage of the memory cell 
back below the erase verify voltage line 670, except for the 
memory cell which has undergone over 1 million program 
and erase cycles. The graph shows that as the number of 
program and erase cycles is increased prior to the operation 
to change the distribution of charge, the amount of interfer 
ence with a minimum threshold Voltage achievable in the 
memory cell increases. Thus, for the embodiment from 
which the data of FIG. 6 was generated, it would be 
desirable to apply the charge balancing bias arrangement of 
FIG. 3D in intervals in which about 1000 program and erase 
cycles occur, maintaining the threshold Voltage achieved by 
the erase bias arrangement of the memory cells below the 
target threshold set by the erase verify potential (line 670). 
0093 FIG. 7 is a graph of threshold voltage versus the 
number of program and erase cycles, and shows the consis 
tency of threshold Voltage of memory cells maintained by 
applying the charge balancing bias arrangement, with a 
relatively long pulse of high negative Voltage on the gate on 
the order of 0.5 seconds, after every 1000 program and erase 
cycles using CHE and BTBTHH. Data points 710 (solid 
dots) represent the threshold voltage of memory cells fol 
lowing a program operation. Data points 720 (hollow dots) 
represent the threshold Voltage of memory cells following an 
erase operation. As can be seen, the threshold after the erase 
procedure remains below the target threshold of about 3.7 
Volts for as many as 1 million program and erase cycles in 
this example. 

0094 FIG. 8 is a graph of threshold voltage versus the 
number of erase pulses, and compares the efficacy of the 
erase operation in lowering the threshold Voltage with and 
without a change in the distribution of charge. Data points 
810 (solid dots) represent the memory cell prior to the 
negative charge balancing operation to change the distribu 
tion of charge. Prior to the negative charge balancing opera 
tion, the threshold Voltage of the memory cell cannot be 
lowered Sufficiently with the erase pulses alone, even after 
the erase pulse is applied many times. Data points 820 
(hollow dots) represent the same memory cell after a nega 
tive charge balancing operation. The graph shows that the 
negative charge balancing operation quickly Substantially 
eliminates the interference with the minimum threshold 
Voltage achievable caused by program and erase cycling. 
0.095 FIG. 9 is a graph of the change in threshold voltage 
Versus retention time, and compares a programmed memory 
cell without any program and erase cycles with memory 
cells undergoing many program and erase cycles. Trace 910 
represents a programmed memory cell that has not under 
gone any program and erase cycles, So that charge retention 
is good. The data sets 920 and 930 both represent a memory 
cell that has undergone 150,000 program and erase cycles, 
with a negative charge balancing operation every 900 pro 
gram and erase cycles. The data Set 920 represents a cycled 
memory cell that undergoes the data retention test immedi 
ately after the negative charge balancing operation. In con 
trast, the data set 930 represents a cycled memory cell that 
has a data retention test before undergoing the negative 
charge balancing operation. To accelerate the retention test, 
a potential of -10 V is applied to the gate, thereby acceler 
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ating the detrapping of trapped electrons from the charge 
trapping Structure of the memory cell. Because a larger 
change in threshold represents worse data retention, the 
graph shows that the negative charge balancing operation 
improves data retention of the memory cell. 
0096 FIG. 10 is a graph of change in threshold voltage 
Versus retention time, and compares memory cells that have 
the negative charge balancing operation applied prior to any 
program and erase cycles but afterwards experience a dif 
ferent number of program and erase cycles. Data points 1000 
(Solid dot) represent a programmed memory cell that has not 
undergone any program and erase cycles. The data SetS 1010 
(hollow triangle), 1020 (hollow square), and 1030 (hollow 
diamond) respectively represent memory cells that have 
150,000 program and erase cycles, 200,000 program and 
erase cycles, and 1,000,000 program and erase cycles. The 
memory cells represented by data sets 1010, 1020, and 1030 
undergo an operation to change the distribution of charge 
every 1000 program and erase cycles. The data retention test 
occurs immediately after an operation to change the distri 
bution of charge. AS can be seen, the periodic application of 
the negative charge balancing operation results in Substan 
tially constant data retention characteristics for cells that 
have undergone 150,000 program and erase cycles, 200,000 
program and erase cycles, and 1,000,000 program and erase 
cycles, respectively. 

0097 FIG. 11 illustrates a representative process for 
adding charge to a charge trapping memory cell prior to any 
program and erase cycles, and changing a distribution of 
charge in the charge trapping memory cell following an 
interval in which program and erase cycles are likely to 
occur. A new memory cell 1110 has not experienced any 
program and erase cycles yet. At 1115, charge is added to the 
cell by applying a charge balancing pulse. At 1120, an 
interval begins within which program and erase cycles are 
likely to occur. Programming and erasing occur via first and 
Second bias arrangements. At 1140, a determination occurs 
as to whether the interval is over. If not, the interval 
continues. Otherwise, at 1150 the distribution of charge in 
the memory cell is changed via a third bias arrangement. The 
third bias arrangement comprises a pulse with negative gate 
Voltage relative to the Substrate in the region of the channel, 
tending to balance the charge distribution, by electron injec 
tion current from the gate to the charge trapping Structure, 
and ejection current which occurs between the charge trap 
ping Structure and the channel, Substantially acroSS the 
length of the channel. In Some embodiments, the pulse 
applied has a pulse length Sufficient to Substantially con 
Verge the threshold Voltage of the memory cells in the array 
on a target convergence threshold, Such as 0.5 to 1.0 seconds 
for a pulse height of about -20 Volts in this example. In 
various embodiments, the interval ends after a random 
number of program and erase cycles, and/or when the 
memory cell fails to erase. In another embodiment, the 
interval includes the time between power up events, Such as 
a time from Supplying power to a machine including the 
memory cell until powering off the machine and powering it 
on again. In this way, the third bias arrangement is applied 
after turning on the machine. 
0.098 FIG. 12 is a simplified block diagram of an inte 
grated circuit according to an embodiment of the present 
invention. The integrated circuit 1250 includes a memory 
array 1200 implemented using localized charge trapping 
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memory cells, on a Semiconductor Substrate. A row decoder 
1201 is coupled to a plurality of wordlines 1202 arranged 
along rows in the memory array 1200. A column decoder 
1203 is coupled to a plurality of bitlines 1204 arranged along 
columns in the memory array 1200. Addresses are supplied 
on bus 1205 to column decoder 1203 and row decoder 1201. 
Sense amplifiers and data-in structures in block 1206 are 
coupled to the column decoder 1203 via data bus 1207. Data 
is Supplied via the data-in line 1211 from input/output ports 
on the integrated circuit 1250, or from other data sources 
internal or external to the integrated circuit 1250, to the 
data-in structures in block 1206. Data is supplied via the 
data-out line 1212 from the sense amplifiers in block 1206 
to input/output ports on the integrated circuit 1250, or to 
other data destinations internal or external to the integrated 
circuit 1250. A bias arrangement state machine 1209 con 
trols the application of bias arrangement Supply Voltages 
1208, such as for the erase verify and program verify 
Voltages, the first and Second bias arrangements for pro 
gramming and lowering the threshold Voltage of the memory 
cells, and the third bias arrangement to change a distribution 
of charge in the charge trapping Structure of a memory cell. 
0099. The technology is applied in combination with an 
erase procedure, or other procedure adapted to establish a 
low threshold state in the memory cell, as illustrated in FIG. 
13 and FIG. 14. In FIG. 13, an erase procedure is initiated 
by an erase command (block 1300). Heuristically at this 
point, an index n is Set to Zero for use in the erase procedure. 
The erase command in some implementations corresponds 
with a “flash” sector erase operation typical for flash 
memory devices in the art. In response to the erase com 
mand, a biasing procedure is instituted. In one embodiment, 
the first operation in the biasing procedure is to apply a bias 
arrangement that induces hot hole injection in the Sector of 
memory cells (block 1301). For example, wordlines in the 
sector are biased with about -3 to -7 volts, bit lines coupled 
to the drains of the memory cells are biased with about +3 
to +7 Volts, and the Source lines coupled to the Sources of the 
memory cells in the Sector are biased with ground, while the 
Substrate region in which the memory cell channels are 
formed is grounded. This induces hot hole injection on the 
Side of the charge trapping structure adjacent the drain 
terminal for the memory cells in the Sector being erased. 
After applying the hot hole injection bias arrangement, a 
State machine or other logic determines whether the erase 
operation has been Successful for each cell in the Sector by 
performing an erase verify operation. Thus, in the next Step, 
the algorithm determines whether the memory cells passed 
the verify operation (block 1302). If the cell does not pass 
verify, then the index n is incremented (block 1303), and the 
algorithm determines whether the indeX has reached a 
pre-specified maximum number N of retries (block 1304). If 
the maximum number of retries has been executed without 
passing verify, then the procedure fails (block 1305). If the 
maximum number of retries has not been executed at block 
1304, then the procedure returns to block 1302 to retry the 
hot hole injection bias arrangement. If at block 1302, the 
memory cell passes Verify, then a charge balancing bias 
operation, which simultaneously causes electron injection 
and electron ejection current as described above with refer 
ence to FIG. 1B, is applied (block 1306). The charge 
balancing biasing operation includes a negative gate Voltage 
pulse having a length on the order of 10 to 100 milliseconds, 
and for example about 50 milliseconds. Such a pulse tends 
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to balance the charge distribution in the memory cell and 
neutralize trapped holes, and is Sufficient to improve the 
endurance and reliability the memory cell, as described 
above. After the charge balancing biasing operation, an erase 
verify operation is repeated (block 1307). If the memory cell 
does not pass verify, then the algorithm loops to block 1303, 
increments the index n and retries or fails depending on 
whether the maximum number of retries has been attempted. 
If at block 1307, the algorithm passes, then the erase 
procedure is finished (block 1308). 
0100. In FIG. 14, an erase procedure is initiated by an 
erase command (block 1400). Heuristically at this point, an 
index n is set to Zero for use in the erase procedure. The erase 
command in Some implementations corresponds with a 
“flash” Sector erase operation typical for flash memory 
devices in the art. In response to the erase command, a 
biasing procedure is instituted. In this example, after the 
erase command, a charge balancing bias arrangement is 
applied which induces electron injection and electron ejec 
tion current as described above (block 1401). The charge 
balancing biasing operation includes a negative gate Voltage 
pulse having a length on the order of 10 to 100 milliseconds, 
and for example about 50 milliseconds. This charge balanc 
ing bias arrangement tends to cause convergence of the 
amount of charge Stored in the memory cells in the Sector on 
the target threshold while balancing the distribution of 
charge. In other embodiments, the charge balancing bias 
arrangement includes a negative gate Voltage pulse having a 
length on the order of 500 to 1000 milliseconds, in order to 
achieve, or nearly achieve, the equilibrium State in trapped 
charge during each erase cycle. The pulse length for the 
negative gate Voltage pulse is chosen according to the 
embodiment of the memory array, the timing budget allowed 
for the Sector erase procedure, the length of the hot hole 
injection bias arrangement applied and other factors. The 
next operation in the biasing procedure is to apply a bias 
arrangement that induces hot hole injection in the Sector of 
memory cells (block 1402). For example, wordlines in the 
sector are biased with about -3 to -7 volts, bit lines coupled 
to the drains of the memory cells are biased with about +3 
to +7 Volts, and the Source lines coupled to the Sources of the 
memory cells in the Sector are biased with ground, while the 
Substrate region in which the memory cell channels are 
formed is grounded. This induces hot hole injection on the 
Side of the charge trapping structure adjacent the drain 
terminal for the memory cells in the Sector being erased. 
Because of the previous charge balancing bias arrangement 
of block 1401, a more uniform result is achieved by the hot 
hole injection bias arrangement. After applying the hot hole 
injection bias arrangement, a State machine or other logic 
determines whether the erase operation has been Successful 
for each cell in the Sector by performing an erase Verify 
operation. Thus, in the next Step, the algorithm determines 
whether the memory cells passed the verify operation (block 
1403). If the cell does not pass verify, then the index n is 
incremented (block 1404), and the algorithm determines 
whether the indeX has reached a pre-specified maximum 
number N of retries (block 1405). If the maximum number 
of retries has been executed without passing verify, then the 
procedure fails (block 1406). If the maximum number of 
retries has not been executed at block 1405, then the 
procedure returns to block 1402 to retry the hot hole 
injection bias arrangement. If at block 1403, the memory 
cell passes verify, then a Second charge balancing bias 
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arrangement, which Simultaneously causes electron injec 
tion and electron ejection current as described above is 
applied (block 1407). The charge balancing biasing opera 
tion includes a negative gate Voltage pulse having a length 
on the order of 10 to 100 milliseconds, and for example 
about 50 milliseconds. Such a pulse tends to balance the 
charge distribution in the memory cell and neutralize 
trapped holes, and is Sufficient to improve the endurance and 
reliability of the memory cell, as described above. In some 
embodiments of the technology, the Second charge balancing 
arrangement of block 1407 is not utilized. The pulse lengths 
in the charge balancing biasing operation of block 1401 and 
the charge balancing biasing operation of 1407 might be 
Shorter than in embodiments where only one charge balanc 
ing biasing operation is applied. After the charge balancing 
biasing operation at block 1407, an erase verify operation is 
repeated (block 1408). If the memory cell does not pass 
verify, then the algorithm loops to block 1404, increments 
the index n and retries or fails depending on whether the 
maximum number of retries has been attempted. If at block 
1408, the algorithm passes, then the erase procedure is 
finished (block 1409). 
0101 FIG. 15 is a graph of threshold voltage versus time, 
where the time is the length of time that a negative-gate 
charge balancing bias pulse is applied to a low threshold cell, 
Such as a fresh cell prior to program and erase cycling as 
illustrated for example in FIGS. 1A and 1B. The four traces 
including data points 1510 (hollow triangle), 1520 (solid 
triangle), 1530 (hollow dot) and 1540 (solid dot), compare 
the different rates of threshold convergence at various gate 
voltages. The memory cells for this experiment have L/W 
dimensions of-0.5um/0.38 um, ONO (oxide-nitride-oxide) 
stack dimensions of 55 A/60 A/90 A, and a p+ poly gate. 
Prior to any program and erase cycles, a negative-gate 
charge balancing pulse including a negative Voltage on the 
gate while grounding the Source, Substrate, and drain, is 
applied. The data points 1510 correspond to applying -21 V 
to the gate; data points 1520 correspond to applying -20 V 
to the gate; data points 1530 correspond to applying -19 V 
to the gate, and data points 1540 correspond to applying -18 
V to the gate. The threshold voltages of data points 1510, 
1520, 1530, and 1540 all Saturate towards a common con 
vergence voltage 1505 of about 3.8 V. A higher magnitude 
of the negative gate Voltage causes a faster Saturation of the 
threshold voltage. With about -21 V on the gate, the 
threshold convergence is Substantially completed with a 
pulse of about 0.1 to 1.0 seconds. Other embodiments apply 
a higher magnitude gate Voltage to decrease time required to 
Saturate the threshold Voltage to the convergence Voltage, or 
apply a lower magnitude gate Voltage to increase the time 
required to Saturate the threshold Voltage to the convergence 
voltage. Thicker dimensions of the ONO stack or a thicker 
bottom oxide would increase the time required to Saturate 
the threshold Voltage to the convergence Voltage, or require 
a higher magnitude of the negative gate Voltage to Saturate 
the threshold Voltage in the same amount of time. Similarly, 
thinner dimensions of the ONO stack or a thinner bottom 
oxide would decrease the time required to Saturate the 
threshold Voltage to the convergence Voltage, or require a 
lower magnitude of the negative gate Voltage to Saturate the 
threshold Voltage in the same amount of time. 
0102 FIGS. 16 and 17 are graphs of threshold voltage 
Versus time, and Show the convergent behavior of the 
memory cell in response to a bias that changes a distribution 

Oct. 27, 2005 

of charge in the charge trapping Structure. The memory cells 
have L/W dimensions of-0.5 tim/0.38 um. 
0103). With regard to FIG. 16, the threshold voltages of 
memory cells that have not undergone any program and 
erase cycles are raised to varying degrees as indicated by 
starting threshold levels of the five traces 1610, 1620, 1630, 
1640, and 1650, by adding different amounts of electrons via 
Fowler-Nordheim tunneling to the charge trapping layers. 
After adding these electrons, the memory cell of trace 1610 
has a threshold voltage of about 5.3 V, the memory cell of 
trace 1620 has a threshold voltage of about 3.0 V, the 
memory cell of trace 1630 has a threshold voltage of about 
2.4 V, the memory cell of trace 1640 has a threshold voltage 
of about 2.0 V, and the memory cell of trace 1650 has a 
threshold voltage of about 1.5 V. The graph illustrates the 
variation of the threshold voltages of these memory cells 
Versus time as a negative Voltage of -2.1 V is applied to the 
gate while grounding the Source, Substrate, and drain. The 
memory cells corresponding to traces 1610, 1620, 1630, 
1640, and 1650 all converge towards a common conver 
gence voltage of about 3.9 V after about 1 second of 
negative gate biasing to induce the charge balancing opera 
tion. 

0104. With regard to FIG. 17, the threshold voltages of 
the memory cells of the four traces 1710, 1720, 1730 and 
1740 are established by hot carrier charging including via 
channel hot electron injection and hot hole injection. The 
threshold voltage of the memory cell of trace 1710 is raised 
to about 4.9 V. The threshold voltage of the memory cell of 
trace 1720 is raised to about 4.4 V. The threshold voltage of 
the memory cell of trace 1730 is about 3.3 V. The threshold 
voltage of the memory cell of trace 1740 is about 3.1 V. The 
graph illustrates the variation of the threshold Voltages of the 
memory cells of traces 1710, 1720, 1730, and 1740 versus 
time as a negative Voltage of -2.1 V is applied to the gate 
while grounding the Source, Substrate, and drain. The 
memory cells corresponding to traces 1710, 1720, 1730, and 
1740 all converge towards a common convergence Voltage 
of about 3.7 V after about 1 second of negative gate FN 
biasing to induce the charge balancing operation. 

0105 FIGS. 16 and 17 illustrate that, despite the differ 
ent types of charge movement involved that changed the 
threshold voltages of the memory cells to different values, 
application of the bias that is Sufficient to induce electron 
injection current and electron ejection current, and that 
balances the distribution of charge, returns the threshold 
Voltage of the memory cells to their convergence Voltages, 
while reducing trapped holes and electrons that would 
otherwise make the cell hard to erase and unreliable. Other 
embodiments apply a higher magnitude gate Voltage to 
decrease time required to Saturate the threshold Voltage to 
the convergence Voltage, or apply a lower magnitude gate 
Voltage to increase the time required to Saturate the threshold 
Voltage to the convergence Voltage. 

0106 FIG. 18 is a graph of threshold voltage versus time, 
and shows the convergent behavior for memory cells with 
different channel lengths. The memory cells corresponding 
to traces 1810 and 1820 have a channel length of 0.38 um, 
and the memory cells corresponding to traces 1830 and 1840 
have a channel length of 0.50 lum. The threshold voltages of 
the memory cells of traces 1820 and 1840 are raised via 
channel hot electrons added to the charge trapping Structure. 
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The threshold voltage of the memory cell of trace 1820 is 
raised to about 5.2 V. The threshold voltage of the memory 
cell of trace 1840 is raised to about 5.6 V. The memory cells 
corresponding to traces 1810 and 1830 have not undergone 
any program and erase cycles. The graph illustrates the 
variation of the threshold voltages of the memory cells of 
traces 1810, 1820, 1830, and 1840 versus time as a negative 
Voltage of -2.1 V is applied to the gate while grounding the 
Source, Substrate, and drain. The memory cells correspond 
ing to traces 1830 and 1840 saturate towards a common 
convergence voltage of about 3.8 V. The memory cells 
corresponding to traces 1810 and 1820 Saturate towards a 
common convergence voltage of about 3.5 V. FIG. 18 
illustrates that memory cells with the same channel length 
Saturate towards a common convergence Voltage in response 
to the application of the bias that changes the distribution of 
charge. FIG. 18 illustrates that memory cells with different 
channel lengths Saturate towards different convergence Volt 
ages in response to the application of the bias that changes 
the distribution of charge. However the difference in channel 
length is not a primary contributor to the convergence 
Voltage, So that variations in channel length acroSS an array 
have negligible effect on the target threshold Voltage distri 
bution in the array. 
0107 The channel roll-off effect, illustrated for example 
at 1850, is responsible for memory cells with shorter channel 
lengths having lower threshold Voltages and lower conver 
gence Voltages. Thus, Scaling a memory cell's channel 
length to Smaller dimensions will lower the threshold volt 
age and convergence Voltage of the memory cell in response 
to the application of the bias that changes the distribution of 
charge. Similarly, Scaling a memory cell's channel length to 
higher dimensions will raise the threshold Voltage and 
convergence Voltage of the memory cell in response to the 
application of the bias that changes the distribution of 
charge. Other embodiments apply a higher magnitude gate 
Voltage to decrease time required to Saturate the threshold 
Voltage to the convergence Voltage, or apply a lower mag 
nitude gate Voltage to increase the time required to Saturate 
the threshold Voltage to the convergence Voltage. Also, 
changes in the target convergence threshold can be made by 
Selecting gate materials with different work function, where 
higher work function materials tend to lower the conver 
gence threshold. Also, changes in the convergence threshold 
can be made by Selecting the top oxide and bottom oxide 
materials to favor tunneling in one of the top and bottom 
oxides, where favoring tunneling in the top oxide tends to 
reduce the convergence threshold, and Visa Versa. 
0108 FIGS. 19 and 20 together show the effectiveness 
of a bias that balances distribution of charge in maintaining 
threshold Voltages that are achievable in a memory cell. 
0109 FIG. 19 is a graph of threshold voltage versus the 
number of program and erase cycles for a multi-bit memory 
cell with regular changes in the distribution of charge. The 
first bit is programmed, and in trace 1910 (solid dots) the 
first bit is read and in trace 1920 (hollow dots) the second bit 
is read. The second bit is programmed, and in trace 1930 
(solid triangles) the first bit is read and in trace 1940 (hollow 
triangles) the second bit is read. In trace 1950 (solid 
squares), the first bit is erased and read. In trace 1960 
(hollow Squares), the Second bit is erased and read. When a 
bit is programmed, for 1 microSecond the gate Voltage is 
11.5 V, one of the drain voltage/source voltage is 5 V, the 
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other of the drain Voltage/Source Voltage is 0 V, and the 
substrate is -2.5 V. While programming, CHannel Initiated 
Secondary Electron (CHISEL) movement occurs into the 
charge trapping structure. When a bit is erased, for 1 
millisecond the gate Voltage is -1.8 V, one of the drain 
Voltage/Source Voltage is 6 V, the other of the drain Voltage/ 
Source voltage is 0 V, and the Substrate is 0 V. While erasing, 
movement of hot holes occurs into the charge trapping 
Structure. During the erase cycle, a negative gate bias that 
tends to balance the charge in the charge trapping layer is 
applied to the memory for a 50 milliseconds pulse with a 
gate Voltage of -2.1 V and grounded Source, drain, and 
Substrate. AS can be seen, the threshold Voltages are main 
tained within a good distribution for about 100,000 P/E 
cycles. 

0110 FIG. 20 is a graph of threshold voltage versus the 
number of program and erase cycles for a multi-bit memory 
cell, similar to FIG. 19. However, unlike FIG. 19, a 
negative gate FN bias that changes the distribution of charge 
is not applied to the memory cell during the erase cycle. AS 
a result, interference from charge in the charge trapping 
Structure increases over the number of program and erase 
cycles, increasing the threshold Voltage over the number of 
program and erase cycles. The first bit is programmed, and 
in trace 2010 (solid dots) the first bit is read and in trace 2020 
(hollow dots) the second bit is read. The second bit is 
programmed, and in trace 2030 (solid triangles) the first bit 
is read and in trace 2040 (hollow triangles) the second bit is 
read. In trace 2050 (solid Squares), the first bit is erased and 
read. In trace 2060 (hollow squares), the second bit is erased 
and read. In less than 10 program and erase cycles, the 
threshold Voltage following both erase and program opera 
tions is significantly raised, and after 500 program and erase 
cycles, the threshold Voltage of the memory cell following 
an erase operation without the charge balancing operation 
described herein, is raised by more than 1 V. 
0111 FIGS. 19 and 20 together show that applying a bias 
that tends to balance the distribution of charge in the 
memory cell reduces or eliminates the interference with the 
threshold voltage achievable in the memory cell following 
both erase and program operations. Other embodiments 
apply a higher magnitude gate Voltage to decrease time 
required to Saturate the threshold Voltage to the convergence 
Voltage, or apply a lower magnitude gate Voltage to increase 
the time required to Saturate the threshold Voltage to the 
convergence Voltage. Other embodiments increase or 
decrease the duration of applying the negative gate Voltage, 
to change the degree to which the threshold Voltage 
approaches the convergence Voltage. 

0112 FIG. 21 is a graph of change in threshold voltage 
Versus retention time, and contrasts memory cells with and 
without regular negative gate pulses applied that tend to 
balance the distribution of charge. The memory cell of traces 
2110, 2120, 2130, and 2140 are all subjected to 10,000 
program and erase cycles. However, during the erase cycles 
of the memory cells of traces 2110 and 2120, collectively 
referred to as traces 2125, a negative gate pulse is applied 
that changes the distribution of charge in the memory cell. 
For the memory cells of traces 2130 and 2140, collectively 
referred to as traces 2145, a negative gate pulse is not 
applied to the memory cell. Because a larger change in 
threshold represents worse data retention, the graph shows 
that the operation to balance the distribution of charge 
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improves data retention of the memory cell. During the 
retention test, a negative gate Voltage of -7 V is applied to 
the gate of the memory cells of traces 2110 and 2130, and 
a negative gate Voltage of -9 V is applied to the gate of the 
memory cells of traces 2120 and 2140. Due to increased 
Voltage StreSS, between traces 2125, the memory cell of trace 
2120 experiences worse retention than the memory cell of 
trace 2110; also, between traces 2145, the memory cell of 
trace 2140 experiences worse retention than the memory cell 
of trace 2130. 

0113 FIG. 22 is a simplified diagram of a charge trap 
ping memory cell with a hybrid bias erase procedure, that 
lowers the threshold voltage of the memory cell by a 
combination of hot hole injection current and E-field 
assisted electron injection and ejection current, and balances 
the distribution of charge in the charge trapping layer. The 
substrate includes n+ doped regions 2250 and 2260, and a 
p-doped region 2270 in the Substrate between the n+-dopes 
regions 2250 and 2260. The remainder of the memory cell 
includes an oxide Structure 2240 on the Substrate, a charge 
trapping structure 2230 on the oxide structure 2240, another 
oxide Structure 2220 on the charge trapping Structure 2230, 
and a gate 2210 on the oxide structure 2220. A potential of 
-21 V is placed on the gate 2210. A potential of 3 V is placed 
on the Source 2250 and the drain 2260. The Substrate 2270 
is grounded. During this hybrid bias arrangement, multiple 
charge movements take place. In one charge movement, hot 
holes move from the Source 2250 and the drain 2260 into the 
charge trapping structure 2230, thereby lowering the thresh 
old Voltage of the memory cell. In another charge move 
ment, electrons 2233 move from the gate 2210 to the charge 
trapping Structure 2230. In yet another charge movement, 
electrons 2273 move from the charge trapping structure 
2230 to the source 2250, the Substrate 2270, and the drain 
2260. Both the movement of electrons 2233 from the gate 
2210 to the charge trapping structure 2230 and the move 
ment of electrons 2273 from the charge trapping structure 
2230 to the source 2250, the Substrate 2270, and the drain 
2260 are instances of movement of electrons away from the 
gate. The potential Voltages applied are varied as Suited to a 
particular embodiment, considering dimension of the 
memory cell and the Structure in the memory cell, the 
material utilized, the target threshold Voltages and So on. AS 
mentioned above the electron ejection current from the 
charge trapping layer to the Substrate extends Substantially 
acroSS the length of the channel, and tends to balance the 
distribution of charge in the charge trapping structure. The 
hot hole injection current from the Substrate near the Source 
and drain regions tends to increase the rate of change of the 
threshold of the cell, as compared to E-field assisted tun 
neling alone, So that a faster erase time is achieved. 
0114 FIG. 23 is a graph of threshold voltage versus time, 
and compares memory cells with different hybrid biases. A 
negative gate charge balancing bias, with the Source and 
drain at ground potential, is applied to the memory cell of 
trace 2310. A hybrid bias that simultaneously lowers the 
threshold Voltage of the memory cell and tends to balance 
the distribution of charge in the charge trapping layer is 
applied to the memory cell of traces 2320, 2330, 2340, and 
2350. For the memory cell of traces 2310,2320, 2330,2340, 
and 2350, a negative gate voltage of -2.1 V is applied to the 
gate and the Substrate is grounded. In the memory cell of 
trace 2310, 0 V is applied to the source and drain. In the 
memory cell of trace 2320, 2.5 V is applied to the source and 
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drain. In the memory cell of trace 2330, 3 V is applied to the 
Source and drain. In the memory cell of trace 2340, 4 V is 
applied to the Source and drain. In the memory cell of trace 
2350, 5 V is applied to the source and drain. FIG. 23 shows 
that as greater Voltages are applied to the Source and drain, 
more holes move from the Source and the drain into the 
charge trapping Structure, lowering the threshold Voltage 
more quickly. Thus the hybrid bias that induces hot hole 
injection current, electron injection current and electron 
ejection current in combination during the pulse can be used 
for a faster erase time using shorter erase pulses. Without the 
hot hole injection current, for example, a pulse on the order 
of 0.5 to 1.0 seconds is required to establish a threshold 
voltage convergence in the example cell of FIG. 23. With 
hot hole injection current, induced by 3 Volts applied Sym 
metrically on the Source and drain, the convergence occurs 
within about 1 to 50 milliseconds in the example cell of FIG. 
23. Other embodiments apply a higher magnitude gate 
Voltage to decrease time required to Saturate the threshold 
Voltage to the convergence Voltage, or apply a lower mag 
nitude gate Voltage to increase the time required to Saturate 
the threshold Voltage to the convergence Voltage. Other 
embodiments increase or decrease the duration of applying 
the negative gate Voltage, to change the degree to which the 
threshold Voltage approaches the convergence Voltage. 
Other embodiments change the Source and drain Voltages to 
change the amount of time taken to lower the threshold 
Voltage of the memory cell. 

0115 FIGS. 24 and 25 illustrate representative processes 
for operating a charge trapping memory cell by changing, 
and tending to balance, the distribution of charge in the 
charge trapping layer before and after lowering the threshold 
Voltage of the memory cell. 

0116. The representative process of FIG. 24 starts with a 
new cell 2410 that has not yet experienced any program and 
erase cycles. In 2420 and 2430, the memory cell is pro 
grammed and erased. In Some embodiments, prior to the first 
program and erase cycle, an operation that tends to balance 
the charge distribution of the charge trapping layer is per 
formed. In 2440, after the program and erase cycle, an 
operation that tends to balance the distribution of charge in 
the charge trapping layer is performed. Afterwards, the 
process repeats with another program and erase cycle. Thus, 
in the representative process of FIG. 24, an operation that 
tends to balance the distribution of charge in the charge 
trapping layer is performed after one program and erase 
cycle. In Some embodiments, the operation that that tends to 
balance the distribution of charge in the charge trapping 
layer is performed after every program and erase cycle. 

0117 The representative process of FIG. 23 is similar to 
that of FIG. 24. The representative process of FIG. 25 also 
starts with a new cell 2510 that has not yet experienced any 
program and erase cycles. However, the operation to change 
and tending to balance the distribution of charge in the 
charge trapping layer 2525 occurs between programming the 
memory cell 2520 and erasing the memory cell 2530, instead 
of after erasing the memory cell 2520. In some embodi 
ments, prior to the first program and erase cycle, an opera 
tion to change and tending to balance the charge distribution 
of the charge trapping layer is performed. 

0118 FIG. 26 illustrates a representative process for 
operating a charge trapping memory cell by applying a 
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hybrid bias that simultaneously changes the distribution of 
charge in the charge trapping layer while lowering the 
threshold voltage of the memory cell. The representative 
process of FIG. 26 also starts with a new cell 2610 that has 
not yet experienced any program and erase cycles. In 2620, 
the memory cell is programmed. In 2630, following the 
program operation, a hybrid bias is applied to the memory 
cell. The hybrid bias simultaneously lowers the threshold 
Voltage of the memory cell and changes the distribution of 
charge in the charge trapping layer. In Some embodiments, 
prior to the first program and erase cycle, an operation to 
change the charge distribution of the charge trapping layer 
is performed. 

0119). In some embodiments, parts of the representative 
processes of FIGS. 24, 25, and 26 are combined. In one 
embodiment, the distribution of charge in the memory cell is 
changed both prior to and after erasing the memory cell. In 
various embodiments, the hybrid bias is applied to the 
memory cell before or after erasing the memory cell. In yet 
another embodiment, the distribution of charge in the 
memory cell is changed both prior to and after applying the 
hybrid bias to the memory cell. 

0120) A new erase method of charge trapping memory 
devices (such as NROM or SONOS devices) is proposed. 
The device is first “reset by gate injection (-Vg) to an erase 
State. Programming can be done by many methods Such as 
channel hot electrons (CHE), channel initiated Secondary 
hot electron (CHISEL) injection, FN tunneling, pulse agi 
tated Substrate hot electron (PASHEI) or other procedures. 
Erase is carried out by band-to-band tunneling enhanced hot 
hole (BTBTHH) injection (such as typically used in NROM 
devices), negative FN tunneling as applied in SONOS 
devices, or otherwise, and applied as Sector erase operation. 
During the Sector erase operation, an additional channel 
erase operation (with negative gate Voltage, positive Sub 
Strate voltage, or a both) is applied, which channel erase 
operation tends to balance the distribution of charge in the 
charge trapping Structure. This channel erase method offers 
a Self-convergent erase mechanism. It serves as a charge 
balancing method compensating for both the Over-erase cell 
and for the hard-to-erase cell Simultaneously. By means of 
this charge balancing technique, the distribution of the erase 
State target threshold Voltage Vt can be tightened. Moreover, 
hole traps in the oxide or nitride can be neutralized by 
electrons ejected from the gate. Thus, the charge balancing 
method also reduces hot hole introduced damage to the 
memory cell. Therefore good endurance and reliability prop 
erties can be obtained by combining the charge balancing 
technology with the hot hole erase method. 
0121 The charge balancing/erase operation can be 
applied in any time or arbitrary Sequence during the Sector 
erase operation to improve the erase performance. An alter 
native method is to turn on the junction bias Slightly and 
introduce hot hole injection during channel erase, which 
means that the channel erase and hot hole erase happen 
Simultaneously. The combination of hot hole erase and 
channel erase offers improved P/E window and reliability 
properties. 

0122) The charge balancing/erase method described 
herein can be applied to NROM-like devices with bottom 
oxides thick enough to deter charge leakage. The charge 
balancing/erase characteristic shows a consistent trend with 
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respect to various channel lengths which had only initial Vt 
difference due to the Vt roll-off effect. Since the negative 
gate FN channel tunneling used for the charge balancing 
operation is a one-dimensional tunneling mechanism, and 
Substantially Symmetrical acroSS the channel, it does not 
depend on the size of lateral dimension of the cell. Thus, 
applying the charge balancing/erase method described 
herein, Scalability in the critical dimensions and improved 
reliability and endurance are achieved for NROM-type 
devices. The technology is applied in combination with a 
program procedure, or other procedure adapted to establish 
a high threshold State in the memory cell, as illustrated in 
FIG. 27. The procedure includes re-fill operations, in which 
the cell is first biased to induce a high threshold State, and 
then a charge balancing pulse is applied tending to lower the 
threshold by causing ejection of electrons from Shallow traps 
in the charge trapping Structure, and then the charge trapping 
Structure is “re-filled with negative charge by a Second 
pulse to induce electron injection into the charge trapping 
structure. In FIG. 27, a program procedure is initiated by a 
program command (block 2700). Heuristically at this point, 
an index n is Set to Zero for use in the program retry 
procedure, and an index m is set to Zero for use in counting 
the refill procedure. The program command in Some imple 
mentations corresponds with a byte operation typical for 
flash memory devices in the art. In response to the program 
command, a biasing procedure is instituted. In one embodi 
ment, the first operation in the biasing procedure is to apply 
a bias arrangement that induces electron injection memory 
cells subject of the program operation (block 2701). For 
example, channel initiated Secondary electron injection is 
induced in a first bias arrangement. This induces electron 
injection on one side of the charge trapping Structure in the 
cells being programmed. After applying the electron injec 
tion bias arrangement, a State machine or other logic deter 
mines whether the program operation has been Successful 
for each cell using a program verify operation. Thus, in the 
next step, the algorithm determines whether the memory 
cells passed the verify operation (block 2702). If the cell 
does not pass verify, then the index n is incremented (block 
2703), and the algorithm determines whether the index has 
reached a pre-Specified maximum number N of retries 
(block 2704). If the maximum number of retries has been 
executed without passing verify, then the procedure fails 
(block 2705). If the maximum number of retries has not been 
executed at block 2704, then the procedure returns to block 
2701 to retry the electron injection bias arrangement. If at 
block 2702, the memory cell passes verify, then the algo 
rithm determines whether the specified number of refill 
cycles has been executed by determining whether the index 
m has reached its maximum M (block 2706). If the index m 
is not equal to M, then a charge balancing pulse adapted for 
the refill algorithm, which causes electron ejection current 
favoring ejection of electrons in shallow traps first, and as 
described above with reference to FIG. 1B, is applied (block 
2707). The charge balancing biasing operation includes a 
negative gate Voltage pulse having a length less than about 
10 milliseconds, and for example about 1 millisecond. Such 
a pulse tends to cause electrons in Shallow energy traps to be 
ejected into the channel. Very little, if any, electron injection 
is induced because the cell has a relatively high concentra 
tion of negative charge during the re-fill cycle. After the 
charge balancing biasing operation, the algorithm incre 
ments the index m (block 2708), and returns two reapply the 
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bias arrangement that induces electron injection at block 
2701. If the memory cell has undergone the prespecified 
number of refill operations, then the algorithm is finished 
(block 2709). 
0123 Embodiments of the technology include a charge 
balancing pulse as described with reference to FIG. 27 to be 
applied prior to any program and erase cycles on the device, 
or prior to a programming operation as described with 
reference to FIG. 27. Also, embodiments of the technology 
include executing the algorithm shown in FIGS. 4, 5, 11, 
and 24-26 described above including a re-fill procedure, 
such as that described with reference to FIG. 27, during the 
program operation. 

0124 FIG. 28 and FIG. 29 are graphs showing data 
illustrating operation of the refill operation of FIG. 27, 
where the program bias arrangement induces channel initi 
ated secondary electron CHISEL injection current. The data 
was generated by first performing a charge balancing pulse 
(gate Voltage at -21 volts, with the drain, Source and 
substrate at Zero volts for about one second) on a NROM 
like memory cell with a p-type polysilicon gate, to establish 
a threshold voltage of about 3.8 volts. Next, a number of 
refill cycles were applied. Each refill cycle included apply 
ing a bias arrangement causing CHISEL injection current to 
set the threshold of the memory cell to about 5.3 volts, 
followed by a short charge balancing pulse (gate voltage at 
-21 volts, with the drain, Source and Substrate at Zero volts 
for about one (1) millisecond. 
0.125 FIG. 28 is a graph of threshold voltage versus time 
for five charge balancing pulses during the Successive cycles 
of the refill operation. The threshold voltage after a first one 
millisecond charge balancing pulse on trace 2800 drops 
from about 5.3 volts to about 4.9 volts. In the next refill cycle 
on trace 2801, the threshold voltage after a second one 
millisecond charge balancing pulse drops from about 5.3 
volts to about 5.1 volts. In the third refill cycle on trace 2802, 
the threshold Voltage after a third one millisecond charge 
balancing pulse drops to about 5.3 volts to about 5.2 volts. 
In the fourth refill cycle on trace 2803, the threshold voltage 
drops after a fourth one millisecond charge balancing pulse 
to about 5.3 volts to about 5.22 volts. In the fifth refill cycle 
on trace 2804, the threshold voltage drops after a fifth one 
millisecond charge balancing pulse to about 5.3 Volts to 
about 5.23 volts. 

0126 FIG. 29 the graph of the same data shown in FIG. 
28, illustrating the drop in threshold voltage for each is 
Successive refill cycle. Thus, during a first refill cycle, the 
threshold voltage drops from about 5.3 volts to about 4.9 
volts. In the second refill cycle, the threshold voltage drops 
to about 5.1 volts. By the fifth refill cycle, the threshold 
Voltage change during the charge balancing pulse of the refill 
cycle begins to Saturate because of the Spectrum blue Shift of 
the energy States of the trapped electrons, So that charge loSS 
during the Short charge balancing pulse decreases. 
0127 FIG. 30 and FIG. 31 are graphs showing data 
illustrating operation of the refill operation of FIG. 27, 
where the program bias arrangement induces channel FN 
tunneling current with a positive gate Voltage injection 
current. The data was generated by first performing a charge 
balancing pulse (gate voltage at -21 volts, with the drain, 
Source and Substrate at Zero volts for about one second) on 
a NROM-like memory cell with a p-type polysilicon gate, to 
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establish a threshold voltage of about 3.8 volts. Next, a 
number of refill cycles were applied. Each refill cycle 
included applying a bias arrangement causing channel FN 
tunneling current to Set the threshold of the memory cell to 
about 5.3 Volts, followed by a short charge balancing pulse 
(gate Voltage at -21 volts, with the drain, Source and 
substrate at Zero volts for about four (4) milliseconds. 
0128 FIG. 30 is a graph of threshold voltage versus time 
for five charge balancing pulses during the Successive cycles 
of the refill operation. The threshold voltage after a first four 
millisecond charge balancing pulse on trace 2800 drops 
from about 5.3 volts to about 5.05 volts. In the next refill 
cycle on trace 2801, the threshold voltage after a second four 
millisecond charge balancing pulse drops from about 5.3 
volts to about 5.16 volts. In the third refill cycle on trace 
2802, the threshold voltage after a third four millisecond 
charge balancing pulse drops to about 5.3 Volts to about 5.22 
volts. In the fourth refill cycle on trace 2803, the threshold 
Voltage drops after a fourth one millisecond charge balanc 
ing pulse to about 5.3 volts to about 5.22 volts. In the fifth 
refill cycle on trace 2804, the threshold voltage drops after 
a fifth one millisecond charge balancing pulse to about 5.3 
volts to about 5.25 volts. 

0129 FIG. 31 the graph of the same data shown in FIG. 
31, illustrating the drop in threshold Voltage for each is 
Successive refill cycle. Thus, during a first refill cycle, the 
threshold voltage drops from about 5.3 volts to about 5.05 
volts. In the Second refill cycle, the threshold voltage drops 
to about 5.16 volts. By the fifth refill cycle, the threshold 
Voltage change during the charge balancing pulse of the refill 
cycle begins to Saturate because of the Spectrum blue Shift of 
the energy States of the trapped electrons, So that charge loSS 
during the Short charge balancing pulse decreases. 

0.130 FIG. 32 illustrates retention data for cells having 
the refill treatment and without the refill treatment. The data 
represents the performance of the device after experiencing 
10,000 program and erase cycles, with the resulting hot hole 
damage. In a device without refill as illustrated on trace 
3200, threshold loss exceeds 0.5 volts after baking time at 
about 150 degrees C., corresponds with about one million 
Seconds of retention time. In a device with refill as illustrated 
on trace 3201, threshold loss is less than 0.3 volts over the 
Same baking time. 
0131 FIG. 33 is a simplified energy level diagram for a 
charge trapping memory cell, which illustrates concepts 
related to the present technology. In that in the level dia 
gram, a first region 3300 corresponds with the channel in the 
substrate. A second region 3301 corresponds with the bot 
tom dielectric, typically comprising Silicon dioxide. A third 
region 3302 corresponds with the charge trapping layer, 
typically comprising silicon nitride. A fourth region 3303 
corresponds with the top dielectric, typically comprising 
silicon dioxide. A fifth region 3304 corresponds with the 
gate, comprising p-type polysilicon or other relatively high 
work function material in embodiments of the present tech 
nology. AS mentioned above, a relatively high work function 
material is used in the gate so that the injection barrier 3306 
for an electron 3305 is higher than that for an n-type 
polysilicon gate with Silicon dioxide top dielectric. The work 
function 3307 as illustrated in FIG.33 corresponds with the 
amount of energy the to move an electron from the conduc 
tion band of the gate material to a free electron level. FIG. 

Sandisk Technologies, Inc. - Ex. 1031, Page 000046



US 2005/0237809 A1 

33 also illustrates shallow and deep traps for electrons 3308 
and 3309, respectively, in the charge trapping layer. A short 
charge balancing pulse as described above with reference to 
FIG. 27 tends to cause ejection of electrons 3308 in a 
shallow trap, before ejection of electrons 3309 in a deeper 
trap. Electrons 3309 in the deeper trap are more resistant to 
charge leakage and demonstrate better charge retention 
characteristics. For embodiments applying the refill opera 
tion, is preferred that the bottom oxide the greater than three 
nanometers thick to inhibit direct tunneling. Also, the mate 
rials for the top and bottom dielectricS can be other high 
dielectric constant materials, including for example Al-O 
and HfO. Likewise, other materials can be utilized for the 
charge trapping structure. 
0132) The negative charge balancing operation possesses 
a Self-convergent threshold Voltage property which main 
tains a stable distribution of threshold Voltages over an array 
and over a large number of program and erase cycles. 
Furthermore, excellent reliability properties are achieved 
due to reduced hot hole damage in the bottom dielectric. 
0.133 While the present invention is disclosed by refer 
ence to the technology and examples detailed above, it is to 
be understood that these examples are intended in an illus 
trative rather than in a limiting Sense. It is contemplated that 
modifications and combinations will readily occur to those 
skilled in the art, which modifications and combinations will 
be within the spirit of the invention and the scope of the 
following claims. What is claimed is: 

1. An integrated circuit device comprising: 
a Substrate; 
a plurality of memory cells on the Substrate, each memory 

cell of the plurality of memory cells having a threshold 
Voltage and comprising a charge trapping structure, a 
gate, and Source and drain regions in the Substrate, and 
including a top dielectric, a charge trapping Structure, 
and a bottom dielectric between the gate and the 
channel, wherein the gate comprises a material having 
a work function higher than n-type polysilicon; and 

controller circuitry coupled to the plurality of memory 
cells, including logic to apply a charge balancing bias 
arrangement, and wherein the top dielectric, the charge 
trapping Structure, and the bottom dielectric have a 
combined effective oxide thickness, and the bottom 
dielectric has an effective oxide thickness greater than 
3 nanometers, and the charge balancing bias arrange 
ment includes a negative Voltage from the gate of the 
memory cell to the Substrate in the region of the 
channel having a magnitude of about 0.7 or higher volts 
per nanometer of the combined effective oxide thick 
CSS. 

2. The device of claim 1, wherein the gate comprises a 
material having a work function higher than about 4.25 eV. 

3. The device of claim 1, wherein the gate comprises a 
material having a work function higher than about 5 eV. 

4. The device of claim 1, wherein the gate comprises 
polysilicon doped with p-type impurities. 

5. The device of claim 1, wherein the charge balancing 
bias arrangement includes a negative Voltage from the gate 
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of the memory cell to the Substrate in the region of the 
channel having a magnitude of about 1.0 plus or minus about 
10% volts per nanometer of the combined effective oxide 
thickness. 

6. The device of claim 1, wherein the logic applies the 
charge balancing bias arrangement for an interval longer 
than about 100 milliseconds. 

7. The device of claim 1, wherein the logic applies the 
charge balancing bias arrangement for an interval longer 
than about 500 milliseconds. 

8. The device of claim 1, wherein the logic applies the 
charge balancing bias arrangement for an interval longer 
than about 1 Second. 

9. An integrated circuit device comprising: 

a Substrate; 

a plurality of memory cells on the Substrate, each memory 
cell of the plurality of memory cells having a threshold 
Voltage and comprising a charge trapping structure, a 
gate, and Source and drain regions in the Substrate, and 
including a top dielectric, a charge trapping Structure, 
and a bottom dielectric between the gate and the 
channel, wherein the gate comprises a material having 
a work function higher than n-type polysilicon; and 

controller circuitry coupled to the plurality of memory 
cells, including logic to apply a charge balancing bias 
arrangement, and wherein the top dielectric, the charge 
trapping structure, and the bottom dielectric have a 
combined effective oxide thickness, and the bottom 
dielectric has an effective oxide thickness about 3 
nanometers or less, and the charge balancing bias 
arrangement includes a negative Voltage from the gate 
of the memory cell to the Substrate in the region of the 
channel having a magnitude of about 0.3 or higher volts 
per nanometer of the combined effective oxide thick 
CSS. 

10. The device of claim 9, wherein the gate comprises a 
material having a work function higher than about 4.25 eV. 

11. The device of claim 9, wherein the gate comprises a 
material having a work function higher than about 5 eV. 

12. The device of claim 9, wherein the gate comprises 
polysilicon doped with p-type impurities. 

13. The device of claim 9, wherein the charge balancing 
bias arrangement includes a negative Voltage from the gate 
of the memory cell to the Substrate in the region of the 
channel having a magnitude of about 1.0 plus or minus about 
10% volts per nanometer of the combined effective oxide 
thickness. 

14. The device of claim 9, wherein the logic applies the 
charge balancing bias arrangement for an interval longer 
than about 100 milliseconds. 

15. The device of claim 9, wherein the logic applies the 
charge balancing bias arrangement for an interval longer 
than about 500 milliseconds. 

16. The device of claim 9, wherein the logic applies the 
charge balancing bias arrangement for an interval longer 
than about 1 Second. 
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