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Description

MEMORY ARRANGEMENT AND METHOD FOR OPERATING OR TESTING A
MEMORY ARRANGEMENT

The present patent application is related to a memory arrangement, a method for operating

a memory arrangement and a method for testing a memory arrangement.

Memory arrangements often comprise non-volatile bit cells. The bit cells can withstand a
high number of endurance cycles. Failures of bit cells typically limit the lifetime of a

memory arrangement.

It is an object to provide a memory arrangement, a method for operating a memory
arrangement and a method for testing a memory arrangement which allow to increase the

lifetime of a memory arrangement.

This object is solved by the independent claims. Further developments and embodiments

are described in the dependent claims.

In an embodiment, a memory arrangement comprises a non-volatile memory plane, a
replacement plane, an address select block and a counter arrangement having at least one
counter. The at least one counter is configured to be incremented at a write cycle of the
memory arrangement. The address select block is configured to switch from the non-
volatile memory plane to the replacement plane, if a counter value of the at least one

counter is higher than a predetermined limit.

Advantageously, information is stored in the non-volatile memory plane from a first write
cycle up to the predetermined limit of write cycles and information is stored in the
replacement plane for write cycles exceeding the predetermined limit. The address select
block is coupled to the non-volatile memory plane, the replacement plane and the counter
arrangement. The non-volatile memory plane can also be named non-volatile memory
array. The replacement plane can also be called replacement array. A bit cell can also be

named memory cell.
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In an embodiment, the at least one counter is incremented at each write cycle of a
preselected bit cell of the non-volatile memory plane. The address select block switches
from the preselected bit cell of the non-volatile memory plane to a replacement bit cell of
the replacement plane, if the counter value of the at least one counter is higher than the

predetermined limit.

Advantageously, the write cycles of only the preselected bit cell is counted by the at least
one counter, since only the write cycles of this preselected bit cell and not the write cycles

of the non-volatile memory plane are responsible for a failure of this preselected bit cell.

In an embodiment, the counter arrangement comprises a first number N of counters. The

non-volatile memory plane comprises a second number M of preselected bit cells.

In an embodiment, the memory arrangement comprises an address replacement plane that

stores the addresses of the second number M of preselected bit cells.

In an embodiment, the addresses of the second number M of preselected bit cells are

determined in a test phase.

In an embodiment, the memory arrangement comprises the address replacement plane
storing the address of the preselected bit cell and the address of the replacement bit cell.
The address select block is coupled to the address replacement plane. The address

replacement plane can be named address replacement array.

In an embodiment, the memory arrangement additionally comprises an information about
the predetermined limit. The address replacement plane may store the value of the
predetermined limit itself or may store an information that is a function of the

predetermined limit. This information may be an information about a cycle class.

In an embodiment, the address replacement plane additionally stores a status bit indicating

when the replacement bit cell is used instead of the preselected bit cell.
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In an embodiment, the second number M is equal or smaller than the first number N. One
of the first number N of counters is incremented at each write cycle of a corresponding
preselected bit cell of the second number M of preselected bit cells. The address select
block switches from the preselected bit cell of the non-volatile memory plane to the
corresponding replacement bit cell of the replacement plane, if the counter value of said

counter is higher than a predetermined limit corresponding to said preselected bit cell.

Advantageously, the preselected bit cell of the non-volatile memory plane is used for the
first write cycle up to the predetermined limit and then the corresponding replacement bit
cell of the replacement plane is used for the write cycles exceeding the predetermined

limit.

In an embodiment, the address replacement plane stores the addresses of the second

number of replacement bit cells.

In an embodiment, the predetermined limits of write cycles are equal. Each preselected bit
cell is switched to the corresponding replacement bit cell at the same counter value. Thus,

the bit cells are grouped into two cycle classes.

In a further development, the address replacement plane additionally stores an information

about the second number of predetermined limits.

In an embodiment, at least two of the second number of predetermined limits are different.
For example, some of the second number M of the preselected bit cells have a first
predetermined limit of write cycles and the other of the second number M of the
preselected bit cells have a second predetermined limit of write cycles. Thus, the bit cells

are classified into three cycle classes.

Alternatively, more than two predetermined limits of write cycles are set such as three or

four predetermined limits.

In an embodiment, the addresses of the second number M of preselected bit cells are

determined in a test phase. In the test phase, a method for testing the memory arrangement
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is performed. Said method is described below. The preselected bit cells are determined in
the test phase. The preselected bit cells are not changed after the test phase, for example in
an operation phase. The bit cells of the non-volatile memory plane are tested in the test
phase to select weak bit cells which are then the preselected bits in the operation phase. A
circuit arrangement in which the memory arrangement is inserted does not receive any
information about the preselected bit cells and about the switching from a preselected bit
cell of the non-volatile memory plane to a replacement bit cell of the replacement memory
plane. Said switching is performed automatically by the memory arrangement in the

operation phase.

In an embodiment, the memory arrangement replaces a byte of the non-volatile memory
plane comprising the preselected bit cell by a byte of the replacement plane comprising the
replacement bit cell. The byte of the non-volatile memory plane comprising the preselected
bit cell may be named preselected byte. The byte of the replacement plane comprising the
replacement bit cell may be called replacement byte. The memory arrangement performs a

byte replacement strategy.

The address replacement plane may store the address of the preselected byte and of the
replacement byte. Thus, the address replacement plane may store the addresses of the

second number of preselected bytes and of the second number of replacement bytes.

In an embodiment, a method for operating a memory arrangement comprises storing
information in a non-volatile memory plane in a write cycle, counting the write cycle by at
least one counter of a counter arrangement, and storing further information in a
replacement plane, if a counter value of the at least one counter is higher than a
predetermined limit, and in the non-volatile memory plane, if the counter value of the at

least one counter is equal or lower than the predetermined limit.

Advantageously, information is redirected from the non-volatile memory plane to the

replacement plane in case the counter value is over the predetermined limit of write cycles.

In an embodiment, there is no switching from the complete non-volatile memory plane to

the replacement plane, but a switching from one preselected bit cell of the non-volatile
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memory plane to one replacement bit cell of the replacement plane or a switching from one
preselected byte of the non-volatile memory plane to one replacement byte of the

replacement plane in case the counter value is over the predetermined limit.

In an embodiment, the counter arrangement comprises a first number N of counters. The

non-volatile memory plane comprises a second number M of preselected bit cells.

In an embodiment, the memory arrangement comprises an address replacement plane that

stores the addresses of the second number M of preselected bit cells.

In an embodiment, the addresses of the second number M of preselected bit cells are
determined in a test phase. Advantageously, since the weak bit cells are determined in the
test phase, there is no necessity to count write cycles of bit cells which have a high
endurance. Only the write cycles of preselected bit cells are counted. Therefore, the

number of counters can be minimized.

In an embodiment, a method for testing a memory arrangement comprises determining the
address of a bit cell by an erase test and/or a program test of the bit cells of a non-volatile
memory plane of the memory arrangement, storing the address of this bit cell as a
preselected bit cell in an address replacement plane of the memory arrangement and
storing of an address of a replacement bit cell of a replacement plane of the memory

arrangement in the address replacement plane.

In an embodiment, a replacement bit cell is set for each preselected bit cell.

In an embodiment, one erase test and one program test is performed. Thus, some of the
preselected bit cells are selected due to the erase test and other of the preselected bit cells
are selected due to the program test. It is not necessary that a bit cell fails both tests to be
set as preselected bit cell. Only a bit cell that fails in at least one of the erase test and the
program test is selected as a preselected bit cell. Each bit cell that does not meet a test
criteria in at least one of the erase test and the program test is selected as a preselected bit
cell. Advantageously, the method for testing determines fast erase bit cells and fast

programming bit cells. Each individual bit cell of the non-volatile memory plane is tested.
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In an embodiment, the method for testing is performed in a test phase. The test phase may
be performed by the fabricating company of the memory arrangement. The erase test and

the program test are performed in the test phase.

In an embodiment, an information about a predetermined limit of write cycles is stored for
cach preselected bit cell in the address replacement plane depending on the result of the
erase test and on the result of the program test of said preselected bit cell. This
predetermined limit of write cycles is used as in an operation phase of the memory

arrangement.

In an embodiment, an erase test of a bit cell is performed by

- programming the bit cell by a program pulse,

- determining a first value of a bit cell current flowing through the bit cell,

- providing an erase pulse to the bit cell,

- determining a second value of the bit cell current flowing through the bit cell and
- setting the bit cell as a preselected bit cell, if the difference between the first value

and the second value is outside of a first predetermined current range.

In an embodiment, a program test of a bit cell is performed by

- erasing the bit cell,

- determining a first value of a bit cell current flowing through the bit cell,

- providing a programming pulse to the bit cell,

- determining a second value of the bit cell current flowing through the bit cell and
- setting the bit cell as a preselected bit cell, if the difference between the first value

and the second value is outside of a first predetermined current range.

In an embodiment, the predetermined limit of write cycles has a first value, when the
difference is outside of the first predetermined current range and inside a second
predetermined current range, and the predetermined limit of write cycles has a second
value that is smaller than the first value, when the difference is outside of the second

predetermined current range.
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The first predetermined current range in case of the erase test may be equal or may be

different from the first predetermined current range of the program test.

The memory arrangement may be realized as EEPROM.

In an embodiment, the memory arrangement performs a high efficient low cost EEPROM

screening which enables area optimized dynamic byte error correction.

A non-volatile memory is abbreviated as NVM. A high reliability NVM technology uses
an advanced screening method to screen out weak bit cells. In combination with a standard
error correction code method, abbreviated ECC method, a NVM may be produced which
withstand more than 50k endurance cycles at 150°C and a data retention of 10 years at
150°C. Both the number of endurance cycles plus the data retention are defining the life

time of a NVM memory.

The NVM screening method can predict the number of endurance cycles the non-volatile
memory can withstand in the field. This prediction method is used to filter out material
which will fail within the specified number of endurance cycles. If an ECC is used the
number of endurance cycles can be secured or even extended depending on the application.
For an automotive application the ECC is turned off during the NVM screening according
to an ACQ standard to avoid that the ECC covers unwanted process related yield losses.
ECC should only cover potential failures activated in the field over the lifetime of the

NVM.

After passing successfully the NVM screening only random distributed intrinsic failures
will be activated during the lifetime of the NVM. After standard screening of the NVM bit
cells only a few intrinsic failures will be activated before the memory enters the wear out
region and the bit cells start to collapse at a higher rate. The described screening
methodology may be capable to predict the lifetime of each single NVM bit cell in the
memory array and find the exact location of weak bit cells with an acceptable test time

increase.
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To extend the number of endurance cycle a byte replacement strategy is shown which may
¢.g. increase the number of endurance cycles by a factor of 20 with an area overhead in the

range of 5% of the NVM memory plane.

The screening procedure is based on the fact that weak NVM bit cells can be erased faster
compared to standard produced bit cells. This effect can be tested in two possible ways.
The first possibility is to have a fixed erase time and the erase operation is executed at
different erase voltages or the erase voltage is fixed and the erase time is varied. Both

methods show the similar results.

The threshold voltages of well-produced NVM bit cells are showing a Gaussian
distribution. If all bit cells are produced having lower reliability and therefore having less
endurance cycles the erase of such cells takes place at a lower erase voltage which leads to
a tail in the distribution of threshold voltages. Depending on the number of bit cells in the
tail the endurance performance of the NVM memory can be predicted. Thus, weak bit cells
can be screened out without stressing the NVM and therefore reducing the life time of the

NVM due to test conditions.

A screening can be performed by testing the NVM with two or three different shorter erase
pulses compared to the standard erase pulse. After each short test erase pulse the memory
is readout with the sense amplifier arrangement. If a bit cell is already erased a bit
replacement algorithm is used to overcome the early endurance fails. The exact number
where the bit cell will fail cannot be predicted but by replacing the weak bit cells the

number of endurance cycle stated in the datasheet may be achieved.

In an embodiment, the lifetime for cach address is determined. In case the lifetime does not
correspond to a predetermined limit, the address is dynamically replaced by a replacement
address. The replacement addresses are also tested. In other words, the lifetime for each bit
cell is determined. In case the lifetime of a bit cell does not exceed the predetermined limit,
the bit cell is dynamically replaced by a replacement bit cell. The replacement bit cells are

also tested.
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In an embodiment, the predetermined limits are not uniform or equal for each of the
addresses. Only preselected bit cells which are predetermined in the test phase are watched
during the operation phase. Most of the bit cells are not watched after a successful test.
Only bit cells that were recognized during the test are watched during the operation phase
and are replaced, when the maximum of write cycles is passed. The operation phase

follows the test phase.

In an embodiment, the replacement bit cells of the replacement plane are fabricated such as
the bit cells of the non-volatile memory plane. Thus, the replacement plane is implemented

non-volatile.

The following description of figures of exemplary embodiments may further illustrate and
explain aspects of the invention. Devices and circuit parts with the same structure and the
same effect, respectively, appear with equivalent reference symbols. In so far as devices or
circuit parts correspond to one another in terms of their function in different figures, the

description thereof is not repeated for each of the following figures.

Figure 1 shows an exemplary embodiment of a memory arrangement;

Figure 2 shows an exemplary embodiment of details of a memory arrangement;

Figure 3 shows an exemplary embodiment of information stored in a memory
arrangement,

Figure 4 shows a characteristic of a non-volatile bit cell;

Figure 5 shows an exemplary embodiment of cycle classes; and

Figures 6 to 11 show exemplary embodiments of a method for testing a memory

arrangement.

Figure 1A shows an exemplary embodiment of a memory arrangement 1 comprising a

non-volatile memory plane 2, a replacement plane 3, a y-decoder arrangement 115 and a
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sense amplifier arrangement 100. Both the non-volatile memory plane 2 and the
replacement plane 3 are coupled via the y-decoder arrangement 115 to the sense amplifier
arrangement 100. Non-volatile memory is shorted to NVM. A plane can also be called
array. Thus, the non-volatile memory plane 2 can also be named non-volatile memory
array. The replacement plane 3 can also be called replacement array. The NVM plane 2
comprises a first and a second bit cell 20, 21. The first bit cell 20 comprises a first memory
transistor having a control terminal, a first and a second terminal and a substrate terminal.
Correspondingly, the second bit cell 21 comprises a second memory transistor having a
control terminal, a first and a second terminal and a substrate terminal. The first bit cell 20
is configured for non-volatile storage of a first bit and the second bit cell 21 is configured

for non-volatile storage of the first bit in inverted form.

The y-decoder arrangement 115 has a first and a second output 111, 112. The sense
amplifier arrangement 100 comprises a first and a second input 101, 102. The first output
111 of the y-decoder arrangement 115 is connected to the first input 101 of the sense
amplifier arrangement 100. The second output 112 of the y-decoder arrangement 115 is

connected to the second input 102 of the sense amplifier arrangement 100.

The first terminal of the first memory transistor is coupled via a first bit line 70 and a first
changeover switch 76 of the y-decoder arrangement 115 to the first output 111 of the y-
decoder arrangement 115 and thus to the first input 101 of the sense amplifier arrangement
100. Correspondingly, the first terminal of the second memory transistor is coupled via a
second bit line 71 and a second changeover switch 77 of the y-decoder arrangement 115 to
the second output 112 of the y-decoder arrangement 115 and thus to the second input 102
of the sense amplifier arrangement 100. The memory arrangement 1 comprises an x-
decoder 130 that is coupled via a first word line 85 to the control terminal of the first and

the second memory transistor.

Correspondingly, the replacement plane 3 comprises a first replacement bit cell 50 and a
second replacement bit cell 51. The first replacement bit cell 50 comprises a first
replacement transistor having a first terminal coupled via the first bit line 70 and the first
changeover switch 76 of the y-decoder arrangement 115 to the first output 111 of the y-

decoder arrangement 115. Correspondingly, the second replacement bit cell 51 comprises a
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second replacement transistor having a first terminal coupled via the second bit line 71 and
the second changeover switch 77 to the second output 112 of the y-decoder arrangement
115. The x-decoder 130 is coupled via a first replacement word line 88 to a control

terminal of the first and the second replacement transistor.

As can be seen in Figure 1, the NVM plane 2 comprises further bit cells 30, 40 and the
replacement plane 3 comprises at least a further replacement bit cell 60 which are coupled
via the first bit line 70 and the first changeover switch 76 of the y-decoder arrangement

115 to the first output 111 of the y-decoder arrangement 100. Additionally, the NVM plane
2 comprises additional bit cells 31, 41 and the replacement plane 3 comprises at least an
additional replacement bit cell 61 each having a first terminal coupled via the second bit
line 71 and the second changeover switch 77 to the second output 112 of the y-decoder
arrangement 115. The further bit cells 30, 31 are coupled via a second word line 86 to the
x-decoder 130. Correspondingly, the additional replacement bit cells 60, 61 are coupled via

a second replacement word line 89 to the x-decoder 130.

A second terminal of the first memory transistor and of the second memory transistor as
well as a second terminal of the first replacement transistor and the second replacement
transistor are connected to each other and are connected via a first select transistor 10 to a
source select unit 140. The source select unit 140 also comprises an output connected to a
control terminal of the first source select transistor 10. The first and the second bit cell 20,
21 and the first and the second replacement bit cell 50, 51 are located in a first well that

receives a first well voltage WEL.

Moreover, the NVM plane 2 comprises further bit cells 22 to 25, 32 to 35, 42 to 45, and the
replacement plane 3 comprises further replacement bit cells 52 to 55, 62 to 65 which are
connected via further bit lines 72 to 75 and further changeover switches 78 to 81 of the y-
decoder arrangement 115 to the first and the second output 111, 112 of the y-decoder
arrangement 115. The further bit cells and the further replacement bit cells are controlled
by the word lines 85 to 87 and the replacement word lines 88 and 89. Moreover, the source
select unit 140 is coupled via further select transistors 12, 14 to second terminals of the
memory transistors of the further bit cells 22 to 25, 32 to 35, 42 to 45 and of the further
replacement bit cells 52 to 55, 62 to 65. The bit cells 30, 31, 40, 41, 60, 61 are located in
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the first well. The bit cells 22, 23, 32, 33, 42, 43, 52, 53, 62, 63 are embedded in a second
well that receives a second well voltage WE2. The bit cells 24, 25, 34, 35, 44, 45, 54, 55,
64, 65 are embedded in a third well that receives a third well voltage WE3.

The y-decoder arrangement 115 comprises a y-decoder switch arrangement 120 and a y-
decoder controller 110. The y-decoder switch arrangement 120 comprises the first, the
second and the further changeover switches 76 - 81. The changeover switches 76 - 81 may
be fabricated as high voltage transmission gates. The NVM plane 2 and the replacement

plane 3 comprise additional bit cells which are not shown in Figure 1.

The memory arrangement 1 comprises a data driver 90 having a first output coupled to the
first output 111 of the y-decoder arrangement 115 and a second output coupled to the
second output 112 of the y-decoder arrangement 115. A signal DL is tapped at the first
output and a signal DLB is tapped at the second output of the data driver 90. The memory
arrangement 1 comprises a high voltage generator 150 having outputs coupled to the

source select unit 140 and the y-decoder controller 110.

Moreover, the memory arrangement 1 comprises a test pad 180 and a test multiplexer 181.
The test multiplexer 181 couples the test pad 180 to the high-voltage generator 150, the y-
decoder arrangement 115 and the sense amplifier arrangement 100. The test pad 180 is
configured for connection to a not shown test equipment in a test phase of the memory
arrangement 1. Thus, the test pad 180 has a metallic area appropriated to be contacted for

example by a needle of a wafer prober of the test equipment.

The test multiplexer 181 comprises a first switch 182 that is coupled on one side to the first
output 111 of the y-decoder arrangement 115 and on the other side to the test pad 180.
Correspondingly, a second switch 183 of the test multiplexer 181 is coupled on one side to
the second output 112 of the y-decoder arrangement 115 and on the other side to the test
pad 180. Moreover, the test multiplexer 181 comprises a reference switch 184 that is
coupled on one side to a terminal 103 of the sense amplifier arrangement 100 and on the
other side to the test pad 180. Additionally, the test multiplexer 181 comprises a main
switch 185 coupling the first and the second switch 182, 183 and the reference switch 184
to the test pad 180. Thus, the first output 111 of the y-decoder arrangement 115 is coupled
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via a series connection of the first switch 182 and of the main switch 185 to the test pad
180. The second output 112 of the y-decoder arrangement 115 is coupled via a series
connection comprising the second switch 183 and the main switch 185 to the test pad 180.
The terminal 103 of the sense amplifier arrangement 100 is coupled via a series connection

of the reference switch 184 and the main switch 185 to the test pad 180.

The first and the second switch 182, 183, the reference switch 184 and the main switch 185
are realized as transmission gates. Thus, the first switch 182 comprises a p-channel field-
effect transistor 220 and an n-channel field-effect transistor 221 having first terminals that
are connected to each other and having second terminals that are also connected to each
other. Moreover, the first switch 182 comprises an inverter 210 coupling a control terminal
of one of the two ficld-effect transistors 220, 221 to the control terminal of the other of the
two field-effect transistors 220, 221. For example, the control terminal of the n-channel
field-effect transistor 221 is connected via the inverter 210 to the control terminal of the p-
channel field-effect transistor 220. A test control unit 170 of the memory arrangement 1 is
connected to a control terminal of the first switch 182, and, thus, to the control terminal of
the n-channel field-effect transistor 221. The test control unit 170 provides a first control

signal T1 to the first switch 182.

Correspondingly, the second switch 183 comprises a p-channel field-effect transistor 240,
an n-channel field-effect transistor 241 and an inverter 230 that are connected such as the
corresponding elements of the first switch 182. The test control unit 170 is connected to the
second switch 183. The test control unit 170 provides a second control signal T2 to the

second switch 183.

Similarly, the reference switch 184 comprises a p-channel field-effect transistor 260, an n-
channel field-effect transistor 261 and an inverter 250 that are connected such as the
corresponding elements of the first switch 182. The test control unit 170 is connected to the
reference switch 184. The test control unit 170 provides a third control signal T3 to the

reference switch 184.

Correspondingly, the main switch 183 comprises a p-channel field-effect transistor 280, an

n-channel field-effect transistor 281 and an inverter 270 that are connected such as the
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corresponding elements of the first switch 182. The test control unit 170 is connected to the
main switch 185. The test control unit 170 provides a fourth control signal T4 to the main
switch 185. The n-channel and the p-channel field-effect transistors 280, 281 of the main

switch 185 are realized as high voltage transistors.

Moreover, the test multiplexer 181 comprises a supply switch 186 that couples the test pad
180 to the high voltage generator 150. The supply switch 186 is directly connected on one
side to the test pad 180 and on the other side to the high voltage generator 150. The supply
switch 186 is configured as a transmission gate. The supply switch 186 comprises a p-
channel field-effect transistor 200, an n-channel ficld-effect transistor 201 and an inverter
190 that are connected such as the corresponding elements of the first switch 182. The test
control unit 170 is connected to the supply switch 186. The test control unit 170 provides a
fifth control signal TS5 to the supply switch 186. The two field-effect transistors 200, 201

may be high voltage transistors.

The memory arrangement 1 comprises a control logic 160 that is connected to the test
control unit 170, the high voltage generator 150, the source select unit 140, the y-decoder
arrangement 115, the x-decoder 130, the data driver 90 and the sense amplifier
arrangement 100. The control logic 160 comprises a memory control logic 161 and a
replacement controller 162. The replacement controller 162 may be realized as a byte

replacement control logic.

The high voltage generator 150 comprises a charge pump 151 and a changeover switch
152. A first input of the changeover switch 152 is connected to an output of the charge
pump 151. A second input of the changeover switch 152 is coupled via the supply switch
186 to the test pad 180. An output of the changeover switch 152 is coupled via a high
voltage node 153 to an input of the source select unit 140 and to an input of the y-decoder
controller 110. Thus either a supply voltage VPP provided by an external test equipment
via the test pad 180 or a high voltage VH generated by the charge pump 151 is provided to
the source select unit 140 and to the y-decoder controller 110. During normal operation of
the memory arrangement 1, the high voltage VH provided by the charge 151 is used.
During a test, the high voltage VH provided by the charge pump 151 or the supply voltage
VPP provided via the test pad 180 can be used. The y-decoder controller 110 has an output
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at which a bias voltage VB is tapped and which is coupled via the changeover switches 76

to 81 to the first terminals of the memory transistors.

A first current I1 flows through the first bit cell 20. The first current 11 flows through the
controlled section of the first memory transistor. Thus, the first current 11 flows from the
source select unit 140 via the first select transistor 10, the controlled section of the first
memory transistor, the first bit line 70, the first changeover switch 76 and the first output
111 of the y-decoder arrangement 115 to the first input 101 of the sense amplifier
arrangement 100. Correspondingly, a second cell current 12 flows through the second bit
cell 21. The second current 12 flows through the controlled section of the second memory
transistor. Thus, the second current 12 flows from the source select unit 140 via the first
select transistor 10, the controlled section of the second memory transistor, the second bit
line 71, the second changeover switch 77 and the second output 112 of the y-decoder
arrangement 115 to the second input 102 of the sense amplifier arrangement 100. The first
and the second current 11, 12 flow in case of a word line signal WL1 provided by the x-
decoder 130 to the first word line 85 and at a source select signal SL provided by the

source select unit 140 to a control terminal of the first select transistor 10.

The sense amplifier arrangement 100 comprises a sense amplifier 104 and a switching unit
105. The sense amplifier 104 can also be realized as a comparator. The first and the second
input 101, 102 of the sense amplifier arrangement 100 and the terminal 103 of the sense
amplifier arrangement 100 are connected to inputs of the switching unit 105. The switching
unit 105 comprises two outputs connected to the two inputs of the sense amplifier 104. The
output of the sense amplifier 104 may be coupled to the control logic 160. The switching
unit 105 is configured such that two signals of the three signals that are applied to the first
and the second input 101, 102 and to the terminal 103 of the sense amplifier arrangement
100 are provided to the two inputs of the sense amplifier 104. Thus, the sense amplifier
arrangement 104 is configured to compare either the signal at the first input 101 with the
signal at the second input 102 or the signal at the first input 101 with the signal at the
terminal 103 or the signal at the second input 102 with the signal at the terminal 103.

The three signals at the two inputs 101, 102 and at the terminal 103 of the sense amplifier

arrangement 100 may be implemented as current signals. For example the signal at the first
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input 101 may be the first current 11 provided by the first bit cell 20. The signal at the
second input 102 may be, for example, the second current 12 generated by the second bit
cell 21. The not shown test equipment provides a reference current IREF via the test pad
180, the main switch 185 and the reference switch 184 to the terminal 103 of the sense
amplifier arrangement 100. The sense amplifier 104 may be implemented as an amplifier
having currents as input signals. The sense amplifier 104 may be designed as a current

comparator. The sense amplifier arrangement 100 provides an output signal SOUT.

In Figure 1, a test concept for an endurance screening is shown. To enable an efficient
screening algorithm in terms of sensitivity, arca and test time, the memory arrangement 1
features special test modes. The program and erase state of the NVM plane 2 based on
Fowler-Nordheim tunneling can be measured in two ways. A threshold voltage UTH or a
drain source current ICELL can be used to judge, if a bit cell 20, 21 is good programmed
or good erased. To make things easier for the description of the patent application, the
drain source current ICELL will be used to describe the screening algorithm. The drain
source current ICELL may be called bit cell current. The drain source current ICELL may
be e.g. the first or the second current 11, 12. For other technologies other useful screening

parameters can be found and used for the described screening method.

The memory arrangement 1 features a test mode which is capable of measuring the bit cell
current ICELL of each individual bit cell 20 - 65 of the non-volatile memory plane 2. The
non-volatile memory plane 2 shown in Fig. 1 is fully differential. That means a pair of bit
cells e.g. the bit cells 20, 21 are forming 1 data bit of the NVM plane 2. To realize a logic
‘17, the first bit cell 20 is programmed and the second bit cell 21 is erased. To store a logic
‘0’, the first bit cell 20 is erased and the second bit cell 21 is programmed. A fully
differential memory area already includes redundancy in the memory arrangement 1 and

the readout margin of the sense amplifier arrangement 100 is optimal.

As described in the block diagram of Fig. 1, special switches, namely changeover switches
76 - 81, are used in the signal path from the bit cells 20 to 65 to the sense amplifier
arrangement 100. The test control unit 170 sets the first or the second switch 182, 183
(depending which bit cell should be connected to the test pad 180) and the main switch 185

in a conducting state. The test control unit 170 can be named test control logic. The inputs
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101, 102 of the sense amplifier arrangement 100 are switched to high impedance by the
control logic 160 and the selected bit cell 20, 21 defined by the address-bus of the memory
arrangement 1 is connected to the test pad 180. Depending on the used technology, the first
bit cell current I1 or the second bit cell current 12 can be measured in this applied test
mode. For technologies based on PMOS bit cells the drain source current 11, 12 of the
selected bit cell 20, 21 can be measured against ground. NMOS based bit cell currents 11,

12 are measured against the positive supply.

The actual applied address forced via the x-decoder 130 and y-decoder arrangement 115 to
the NVM plane 2 defines the byte which is measured. A special test mode is needed to
select the wanted bit or bit cell which is measured on the test pad 180. To measure all 8
bits of the selected byte, 8 test modes may be implemented. With an additional test mode it
is possible to switch between the left bit cell 20 and the right bit cell 21 of the data bit. If
the test control unit 170 generates the first control signal T1, also called TM_ICELL,
switching from "low" to "high", the first switch 182 is set in a conducting state. If the test
control unit 170 generates the third control signal T3, also called TM_1 _MEAS, switching
from "low" to "high", the main switch 185 is set in a conducting state. Thus, the left bit cell
is connected via the first switch 182 and the main switch 185 to the test pad 180 and
provides the bit cell current ICELL to the test pad 180. Therefore, the first bit cell 20 may
be connected via the first switch 182 and the main switch 185 to the test pad 180 and may
provide the first current I1 to the test pad 180.

When the first control signal T1 is set to "low" and the second control signal T2, also
called TM_ICELLDB, is set to "high" and the main switch 185 stays in a conducting state,
the right bit cell is connected to the test pad 180 and provides a bit cell current ICELLB to
the test pad 180. Thus, the second bit cell 21 may be connected to the test pad 180 via the
second switch 183 and the main switch 185 and may provide the second current 12 to the
test pad 180. This test approach features exactly what is needed to measure a bit cell

current distribution from the NVM plane 2.

This measurement concept may possibly increase the test time as the memory size
increases. Each measurement needs a defined setup time to measure the current ICELL,

ICELLB flowing through the test pad 180 to the not shown production test equipment
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either to ground or positive supply. The needed setup time is limited by the test equipment.
To overcome that problem a test mode using an external reference current IREF is
implemented. The external reference current IREF is forced through the test pad 180 by
closing the main switch 185 and the reference switch 184 (the third control signal T3 and
the fourth control signal T4, also called TM_FORCEIREEF, are set to "high", the first and
the second control signals T1, T2 and the fifth control signal TS5, also called
TM_VPP_EXT, are set to "low" and distributed to the sense amplifier arrangement 100).

Depending on the used memory concept (fully differential, pseudo differential or single
ended) the external reference current IREF is used to measure the value of the selected bit
cell current I1, 12. This is done by sweeping the external reference current IREF. The
sweep direction and step size depends on the chosen technology. The advantage using this
method is that all bits or bit cells of the selected address can be tested at the same time. The
output is the standard digital output signal SOUT of the memory arrangement 1. Each
applied bit cell current 11, 12 can be tested with the standard read access time. With the
applied external current IREF the whole address range can be checked. This enables fast
testing because the time consuming setup of the external reference current IREF is only
needed once for each current step before the whole address range is checked with this

reference level.

It is an advantage for a successful screening that all tested bit cells are treated the same
way especially during program and erase. Thus, full control over the program and erase
voltage and the program and erase timing is provided by the memory arrangement 1. Most
of the modern NVMs have the internal high voltage generator 150 providing the needed
high voltage VH during program and erase. As this high voltage generator 150 is based on
an internal reference like a bandgap voltage generator, a variation of the high voltage VH
provided by the high voltage generator 150 may be generated due to process and
mismatch. The same is true for an internal oscillator. This variations make it difficult to
setup a sensitive endurance screening procedure. Therefore, it is advantageous to have
access to the internal high voltage node 153 of the NVM arrangement 1 in a special test
mode to have full control on the high voltage level and timing. By closing the supply
switch 186 and the main switch 185 (the third and the fifth control signals T3, T5 are set to

"high", and the first, second and fourth control signals T1, T2, T4 are driven to "low" from
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the test control unit 170), the internal high voltage node 153 is connected to the test pad
180. Now the production test equipment can generate the needed supply voltage VPP and
timing during program and erase by forcing the needed signals to the test pad 180. This
ensures that all bit cells 20 - 65 receive exactly the same program and erase pulse and

therefore enabling the needed precision for the high endurance screening.

Two options exists: the value of the supply voltage VPP during program and erase is fixed
and the timing is varied or the timing is fixed and the value of the supply voltage VPP is
varied. Both approaches are leading to similar results. The following explanation of the
screening algorithm is based on varying the supply voltage VPP during program and erase.

But the algorithm also works for varying the timing during program and erase.

Figure 2 shows a further exemplary embodiment of the memory arrangement 1 that is a
further development of the embodiment shown in Figure 1. The memory arrangement 1
comprises a counter arrangement 300. The counter arrangement 300 can be realized as a
NVM counter. The counter arrangement 300 is coupled to the control logic 160. Thus, the
counter arrangement 300 is coupled to the memory control logic 161 and to the
replacement controller 162. Moreover, the counter arrangement 300 is coupled to the high
voltage generator 150 and to the test control unit 170. The counter arrangement 300

comprises several counters 310 to 312.

Moreover, the memory arrangement 1 comprises an address buffer 301, an address select
block 302 and an address decoder 303. The address buffer 301 is coupled to the address
decoder 303 by the address select block 302. The address decoder 303 is coupled on its
output side to the x-decoder 130 and to the y-decoder controller 110. The address buffer
301 is coupled to the memory control logic 161 and to the replacement controller 162. The
memory control logic 161 is coupled via an interface 304 of the memory arrangement 1 to
a bus 305. The bus 305 comprises a control bus having a bus signal CONTROL BUS, a
TM bus having a bus signal TM_BUS and an address bus having a bus signal
ADDR_BUS. The TM bus may be implemented as a telemetry bus.

A column latch 306 of the memory arrangement 1 is coupled to the memory control logic

161, the high voltage generator 150 and the bit cell plane 2. In addition, the memory
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arrangement 1 comprises an address replacement plane 307. The address replacement
plane 307 may be called address replacement array. The address replacement plane 307 is
connected to the replacement plane 3 and to the y-decoder arrangement 115. The test
control unit 170 is connected to the terminal 103 of the sense amplifier arrangement 100
and to the y-decoder arrangement 115 via the test multiplexer 181 that is not shown in
Figure 2. The test control unit 170 has a terminal at which a test control signal MEAS can
be tapped. The memory arrangement 1 comprises an input/output buffer 308 that couples
the sense amplifier arrangement 100 to a data bus and provides an input/output data signal
DATA I/O. The input/output data signal DATA 1/0 is a function of the output signal
SOUT.

In the test phase, the test equipment determines which bit cell 20 to 25, 30 to 35, 40 to 45
fails a criteria of the test and, thus, is a preselected bit cell. Additionally, the test equipment
determines which replacement bit cell 50 to 55, 60 to 65 is used for replacement of the
preselected bit. The test equipment stores this information in the address replacement plane

307.

A dynamic byte replacement concept can be performed by the memory arrangement 1
shown in Figure 2. The weak bit cells are screened during production test. The memory
arrangement 1 is configured to safely replace the weak bit cells in the field. After each
power-up the memory arrangement 1 knows which bit cells have to be replaced by which
bytes in the replacement plane 3 of the memory arrangement 1. Therefore, additional
information is stored in the memory plane. In Fig. 2, the block diagram of a possible byte
replacement NVM arrangement 1 is shown. The memory arrangement comprises building
blocks of an NVM like the high voltage generator 150, the memory control logic 161, the
address buffer 301, the address decoder 303, the column latch 306, the source select unit
140, the test control unit 170, the x-decoder 130, the non-volatile memory plane 2, the y-
decoder switch arrangement 120 realized by high voltage transmission gates, the sense

amplifier arrangement 100, the input/output buffer 308 and the y-decoder controller 110.

Additionally, the following building blocks are used for the bit replacement: The
replacement plane 3 where the replacement bit cells 50 to 55, 60 to 65 are located and the

address replacement plane 307. The replacement plane 3 can be implemented as byte



10

15

20

25

30

WO 2018/158265 PCT/EP2018/054836

-21 -

replacement plane. In the address replacement plane 307, the information is stored which
address is replaced by which replacement byte, the cycle class of the weak bit cell if a
dynamic replacement strategy is used, a status bit of if the address replacement information
is used or not and a possible cyclic redundancy code, abbreviated CRC, to secure the
information. The address replacement plane 307 need no endurance performance at all
because the information in that section is only written once at production test. So only data
retention is of interest for this part of the memory arrangement 1 and, therefore, a simple

CRC or ECC can be implemented to ensure the data does not change during life time.

For the dynamic replacement strategy, the counter arrangement 300 counts the number of
write cycle executed on the memory arrangement 1. Also the address select block 302
changes dynamically the x-address for the dynamic replacement approach. During
production test the weak bit cells are safely screened with the screening algorithm
described in the patent application. The test equipment stores during the screening all weak
bit cell locations of the non-volatile memory plane 2 in the address replacement plane 307
together with the replacement bit cells of the replacement plane 3 and the cycle class of

each failure.

The memory arrangement 1 is realized as an electrically erasable programmable read-only
memory, abbreviated EEPROM. The counter arrangement 300 is implemented as a NVM
counter. For example, for a 1kx8 EEPROM statistically maximum 5 bit cells may be
replaced to achieve 1M write cycles. 1 million is shorted 1M. For a dynamic replacement
strategy, the NVM counter 300 may be needed operating up to 1M counts. 20 bits are
needed for a 1M counter. 12 LSB bits are secured with a (23,12) Goley-Code, whereas this
code can correct 3 failures and detect 4 failures. 8 MSB are not secured because the
number of write cycles are very low. Thus, the counter arrangement 300 having five
counters 310 to 312 may fulfill the requirement for the dynamic replacement approach.
During production test each counter 310 to 312 is assigned to a weak bit cell. Every time
this bit cell is selected and written, the value of the counter 310 to 312 is increased. If the
maximum number of cycles of the weak bit cell is reached, the replacement byte is

activated. The high voltage generator 150 can be shared with the main memory.
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The replacement plane 3 may be named dynamic replacement memory. For example, the
memory arrangement 1 comprises eight additional word lines 88, 89 for the replacement
bytes and address replacement information. The NVM counter arrangement 300 is used to
switch between weak bit cells and replacement bit cells. The x-decoder 130 comprises one
additional hidden x-address bit needed to access the replacement plane 2 or the address

replacement plane 307.

For example, five replacement bytes and address information memory are needed. Only
one charge pump 151 for memory and NVM counter may be sufficient. Advantageously,
no additional column latches, y-decoder and sense amplifier are needed. In an example,

IM write operation may be achieved.

To summarize, an area of the memory arrangement 1 with dynamic replacement is
increased compared to standard NVM by about 27%. An area of a memory arrangement
having a (12,8) Hamming ECC is increased compared to standard NVM by about 36%.
Thus, the dynamic byte replacement memory is smaller compared the (12,8) Hamming
ECC approach. The dynamic byte replacement memory may enable e.g. a true 1M write
operation NVM. A read access time of the byte replacement memory is shorter because no

ECC processing is needed.

Figure 3 shows an embodiment of information stored in the memory arrangement 1 shown
in Figures 1 and 2. The following information is stored in the address replacement plane
307: The address that is needed to replace a byte in the NVM plane 2 by a byte in the
replacement plane 3. The information comprises a first, second and third address of byte

replacement information.

Thus, the information stored in the address replacement plane 307 comprises the x-address
of the replacement byte in the replacement plane 3, the x-address of the preselected byte in
the NVM plane 2 and the y-address of the preselected byte in the NVM plane 2. Since the
y-address of the preselected byte which is comprised by the NVM plane 2 and has to be
replaced is the same as the y-address of the replacement byte in the replacement plane 3,
only one y-address is included in the information. Moreover, the information stored in the

address replacement plane 307 comprises an information about the cycle class of the byte
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of the NVM plane 2 and may also comprise an information about the cycle class of the
replacement byte of the replacement plane 3. Additionally, the information comprises
cyclic redundancy check bits, abbreviated CRC bits. Moreover, the information may

comprise a status bit, called S-bit.

In Fig. 3, a possible implementation of information is shown configured to replace a byte
in the NVM memory plane 2 with a byte located in the replacement plane 3. The
information is stored in address replacement plane 307. How many bytes are needed to
store the correct information depends on the size of the memory (x- and y-address), the
implemented cycle classes and the used type of CRC. The y- and x-address (x-address
NVM plane 2, y-address NVM plane 2) of the preselected byte which has to be replaced is
stored followed by the cycle class bits CYC CLASS defining how many endurance cycles
the preselected and to be replaced byte is able to survive. In the presented example, four
cycle classes are used that means two bits are suited to identify the correct cycle class.
Next the x-address (x-address replacement plane 3) of the replacement byte in the
replacement plane 3 is defined. Therefore, the replacement plane 3 can be named byte

replacement plane.

The y-address is not needed because the replacement byte is located in the same memory
well and, therefore, has the same y-address than the preselected byte. If the dynamic
replacement strategy is used, the cycles class CYC CLASS Rep. of the replacement byte in
the replacement plane 3 is also useful. To identify if the address information is used or
cannot full fill the needed data retention requirement, the status bit S-Bit is implemented. If
the status bit is "high", all address information bytes are correct and the address
replacement information must be used to replace a weak bit cell. If the status bit is zero
either the address information is not needed or defect. In addition a CRC can be used to

identify, if the information in the address replacement bytes are correct.

To replace a weak bit cell in the NVM plane 2, the following procedure is executed. The
locations of the weak bit cell, also called preselected bits, are known from the screening

algorithm. Depending on the fixed y-address from the failure the correct x-address in the
replacement plane 3 must be defined. Regarding to the first failure B1 in the example

shown in Fig. 4, the first replacement word line 88 in the replacement plane 3 is used. This
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defines now the x- and y-address in the replacement plane 3. Before the replacement
address can be fixed, it is checked if the byte in the replacement plane 3 is capable of
surviving the specified number of endurance cycles. If the byte is cable of providing the
endurance cycle the address is fixed. Next is to check if the address information byte can
full fill the data retention. If yes the needed information is stored in the address
replacement plane 307 which can also be named address information plane by writing the

three bytes as shown in the example of Fig. 3 with the defined information.

If the address replacement bytes are not able to full fill the data retention specification, the
status bit S-Bit of the first address information is set to "low" and the memory arrangement
1 tries to write the information to the second address replacement location if this location is
safe. Once a valid address location is found, the status bit S-Bit is set to "high" indicating
that a byte has to be replaced in the NV memory plane 2 and that the information is safe. If
the first replacement word line 88 is not capable of providing the needed endurance cycles,
the memory arrangement 1 simply switches to the second replacement word line 89 and
check if this location is appropriate. This procedure is done as long as a valid location is
found. If the memory arrangement 1 runs out of word lines, the memory arrangement 1 is
marked as fail and the part is screened out. The same procedure is done for failure B2, B3
and B4. At the end of the algorithm for each failure the location of the byte replacement is

defined and stored in the address replacement plane 307.

To ensure that the memory arrangement 1 automatically replace the preselected bit cells
(that means the weak bit cells) in the application the replacement controller 162 is used.
After each power-up the address replacement plane 307 is loaded into a shadow register
which is part of the replacement controller 162. The size of the shadow register equals the
number of bytes in the address replacement plane 3. Depending on the status bit S-bit the
address remapping is activated or not. For each active address replacement the CRC is
checked. If a fail is detected an error flag is set to indicate that the NVM plane 2 has a
malfunction. At each standard access of the NVM plane 2 the address bits are split into x-
and y-address by the memory decoders 110, 130. The replacement controller 162 checks
now if the actual address matches with an address which must be replaced. If a match is
found the address is automatically rerouted to the correct replacement byte in the

replacement plane 3. The needed additional logic for the address comparison depends on
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the size of the memory. As the x-decoder 130 normally is full decoded the replacement
plane 3 and the address replacement plane 307 needs an additional x-address bit as seen in
Fig. 3. This additional bit cannot be accessed from outside which gives an excellent
security not to destroy the information in this two replacement planes 3, 307 by an

unwanted write access from outside.

For bigger memory sizes more failures will occur which are replaced safely which may
lead to an additional area overhead. Regarding failure B4 of the example presented in
Figure 4, the weak bit cell can provide 750k endurance cycles. To replace such a byte at 0
hours during production screening seems to very inefficient. If the number of already
written endurance cycles is known a dynamic replacement strategy can be implemented.
Therefore, the NVM counter arrangement 300 is used in the memory arrangement 1. At
cach write cycle one of the counters 310 - 312 of the counter arrangement 300 is
automatically incremented. By knowing the exact number of write cycles and the cycle
classes of the weak byte and the replacement byte it is possible to switch dynamically
during lifetime from the weak byte location to the replacement location. Only the sum of
both bytes has to full fill the maximum number of specified endurance cycles. In case of
B4 the byte in the NVM memory plane 2 is capable of providing 750k endurance cycle, the
replacement byte in the replacement byte plane 3 only needs to provide 250k endurance
cycles. This leads to a relaxed specification for the endurance performance of the
replacement bytes and safes area especially for bigger memory sizes. To enable that feature
the replacement controller 170 checks the actual value of the NVM counter and compare
that value with the cycle class information of the weak bit cells stored in the address
replacement plane 307. If the NVM counter value is higher than the cycle class the address

select block 302 switches automatically to the replacement byte.

The NVM counter arrangement 300 can be implemented in different ways. One possibility
is that the counter arrangement 300 is part of the non-volatile memory plane 2 with the
drawback of the need of write operation to increment the counter value. First write
operation is needed to execute the standard write operation, second write is needed to
increase the counter value. Second approach is to have the NVM counter arrangement 300
separated from the NVM plane 2 using the same write operation as a standard write access

to increment one of the counters 310 - 312. In both cases special counters 310 - 312 are
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implemented using special ECC to simply avoid that the bit cells in the counters 310 - 312
will fail. To enable a correct dynamic replacement the counter value should be always

correct.

Figure 4 shows a characteristic of NVM cells, such as bit cells 20 to 65 of the NVM plane
2. In Figure 4, the endurance behavior of an NVM plane 2 based on Fowler-Nordheim
tunneling is explained. The number of endurance cycles cannot be predicted precisely. To
enable a screening procedure which is capable to screen weak bit cells up to 500k
endurance cycles and more this is mandatory. A closer look to the endurance behavior of
NVMs based on Fowler-Nordheim tunneling in Fig. 4 shows that after a correct infant
mortality screening only a few bit cells inside the NVM plane 2 have a potential risk to fail
before the NVM plane 2 reaches the wear out region. To extend the number of endurance
cycles close to the wear out region, bit cells must be identified and screened out or

replaced by bit cells which are capable to withstand a high number of endurance cycles.

Depending on the used bit cell technology it is possible to measure the erase and
programming state of a NVM bit cell 20 either by the threshold voltage UTH of the bit cell
20 or looking to the drain source current I1 of the bit cell 20. A programmed bit cell 20
delivers a drain source current Icelll in the range of Icelllmax and Icell Imin and an erased
bit cell a current Icell0 between Icell0max and IcellOmin, as shown in Figure 4. As the bit
cells are produced in an area efficient manner and the size of the bit cell is the main area
contributor, the size of the bit cells is pushed to the process limits. Therefore, a bit cell
current distribution D of the bit current ICELL for program and erase across the memory
plane, wafer and lot exists. An example for such a distribution D is shown in Figure 5. This
fact makes it tough to setup a precise screening method based on fixed values due to the

variation of the bit cell current.

From Fig. 4 it can be seen that 50k endurance cycles can be safely screened and secured
with standard screening procedures achieving an acceptable yield loss and test time. To
extend the number of endurance cycles to screen for 1M endurance cycles, the algorithm is
capable to find all weak bit cells in the extended endurance range shown in Fig. 4. Such
weak bit cells have no hard failure mechanism like short to ground or supply, the failure

modes can be charge traps in the tunnel oxide or interpoly oxide caused by contamination



10

15

20

25

30

WO 2018/158265 PCT/EP2018/054836

_27 -

or pin holes which are activated during lifetime. The failures close to the maximum
allowed number of endurance cycles in the extended endurance range are the most difficult
to find. As discussed carlier the program and erase bit cells are having bit cell current
distributions caused by mismatch and process variation. To push out safely the maximum
number of endurance cycles the screening procedure is able to catch all infant mortality

and weak bit cells in the extended endurance range.

The present patent application shows an algorithm which is sensitive enough to screen
safely such weak bit cells. As Fig. 4 is showing a weak bit cell after its failure is activated
it can lead to a stuck at high or stuck at low. That means depending on the technology and
failure mode a fast erase bit cell is not necessarily a fast programing bit cell or vice versus.
So it is essential to prove and screen both program and erase states. As the screening
procedure is capable of finding the exact location of the weak bit cells in the NVM plane 2,
a byte replacement is shown which leads to a yield improvement. With this replacement
strategy it is possible to achieve a yield close to the yield of a standard screening procedure
screening for a lower number of endurance cycles. The area penalty is small compared to
an ECC approach. The replacement bytes in the replacement plane 3 is also screened with
the algorithm to ensure that the replacement bytes are capable of achieving the maximum

number of endurance cycles.

In addition by adding digital functionality, the replacement strategy can be dynamic. For
instance the memory arrangement 1 is designed to replace a bit cell which is capable of
750k endurance cycles but not 1M. 1 million is shorted 1M. It is not efficient to replace
such a bit cell at the screening stage as the screening algorithm knows when the bit cell
will fail. Thus, the memory arrangement 1 uses the NVM write counter arrangement 300 in
the memory arrangement 1 which counts the number of write cycles executed on the NVM
plane 2. The memory arrangement 1 can then safely switch after 500k endurance cycles to
the replacement byte instead of 0 write cycles. This relaxes the needed endurance cycle of
the replacement bytes and is more efficient because less replacement bytes are need which

gives an additional area benefit for high density memories.

To implement an efficient screening method which enables a byte replacement strategy, it

is determined when the NVM bit cell will fail caused by endurance cycling. Therefore, so
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called cycle classes can be defined which will give a prediction on how many endurance
cycles a NVM bit cell can withstand. As stated above, NVMs with standard screening
procedures are capable of 50k endurance cycles at 150°C. To extend this number of write
cycles for example to 1M, four cycle classes 250k, 500k, 750k and 1M are defined. As
shown in Fig. 4 most of the NVM bit cells of the state of the art NVM process can handle
the 1M write cycles. Only a few bit cells are not able to achieve this high number. These
bit cells are of interest. Depending on the defect those bit cells can delivery in the range of
50k to 1M endurance cycles. In Fig. 4 four examples are shown, failure B1 is activated
close to 250k endurance cycles and produces a stuck at "low". B2 shows the same failure
mode and is activated in the range of 500k endurance cycles. B3 generates a stuck at
"high" failure close to 750k endurance cycles and B4 shows the same failure near 1M. All
four failures must be safely detected by the screening procedure to enable a correct
replacement of the weak bit cells so the memory arrangement 1 may full fill e.g. 1M write

cycles.

The generation of cycle class statistics of the endurance performance results in a better
understanding of the failure modes of the technology and how they are activated.
Generating such statistics is a huge effort because endurance cycling of NVMs is very time

consuming.

Figure 5 shows an exemplary embodiment of cycle classes. The cycle classes may be
named endurance cycle classes. The endurance behavior of the bit cells follows a Gaussian
distribution as shown in Fig. 5. In Figure 5, a distribution D is shown as a function of the
bit cell current ICELL. Most of the bit cells of a well settled NVM process are able to
withstand a high number of endurance cycles depending on the used technology; the value
is varying. Hot carrier charge injection technologies will not achieve the high numbers of
Fowler-Nordheim tunneling technologies. But the presented screening algorithm also
works for hot carrier and sidewall spacer technologies and can extend the endurance cycles

for such types of technologies as well.

As shown in Fig. 5, the probability to survive a high number or endurance cycles of a
settled NVM technologies is high. The exact numbers and sigma values strongly depends

on the technology and the defect density from the production line. After a successful infant
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mortality screening the likelihood of failure B1 (< 250k endurance cycles) is very low. As
the number of endurance cycles are increasing the likelihood rises to get a fail (B2, B3 and
B4). The maximum number of endurance cycles and the cycle classes of a NVM
technology can be calculated using the Gaussian distribution and the given sigma value.
The number of cycle classes depends on the sensitivity of the screening algorithm and the
chosen replacement strategy. To keep the area overhead small for implementing the
replacement strategy, the number of cycle classes should be kept low. The number of cycle

classes may be e.g. two, three, four and so on.

Figures 6 to 11 show exemplary embodiments of methods for testing the memory
arrangement 1 shown in Figures 1 and 2. In Figure 6, a soft erase screening based on one
soft erase pulse is shown. In Figure 7, a soft program screening based on one soft program
pulse is explained. In Figures 6 and 7, the distribution D of the bit cells of the non-volatile
memory plane 2 is shown as a function of the bit cell current ICELL of said bit cells for
two different states. The bit cell current ICELL of one bit cell is measured twice, namely in
the erase state and in the program state. Instead of the bit cell current ICELL, a threshold

voltage UTH of the bit cells of the non-volatile memory plane 2 could be measured.

In Figure 8, a soft erase screening based on two soft erase pulses is demonstrated. In Figure
9, a soft program screening based on two soft program pulses is shown. In Figure 10, a soft
erase screening based on two soft erase pulses with a standard program pulse in-between is
explained. In Figure 11, a soft program screening based on two soft program pulses with a
standard erase pulse in-between is elucidated. In Figures 8 to 11, the distribution D is

shown as a function of the bit cell current ICELL for three different states.

Referring to Figure 6, for an efficient screening of fast bit cells which will fail during life
time by cycling the NVM plane 2, the memory arrangement 1 is set in an external voltage
supply mode (also called external VPP mode) as explained in Fig. 1. Therefore, the main
switch 185 and the supply switch 186 are in a conducting state and the first and the second
switch 182, 183 and the reference switch 184 are in a non-conducting state. The switches
182 to 186 are controlled with the associated control signals T1 to T5 driven from test
control unit 170. The production test equipment has now full control on the voltage at the

high voltage node 153 of the memory arrangement 1 and as a first step of the screening a
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standard program pulse is applied to the NVM plane 2. The standard program pulse uses
the same level and timing on the supply voltage VPP namely the value VPROG as the
internal charge pump 151 would provide for typical program condition. Depending on the
used technology it is taken care that all bit cells in the NVM plane 2 are programmed. As
some technologies are data sensitive for programming a special test mode is used which is
capable of programming both NVM bit cells 20, 21 forming one data bit. The standard
readout with the sense amplifier arrangement 100 would lead to an unreliably result
because both bit cells 20, 21 have the same status (programmed). As there is no difference
between the two bit cells 20, 21 the offset and noise of the sense amplifier arrangement

100 defines the output result.

To judge the programming state of each bit cell 20, 21, the test equipment switches in a
second step of the screening to an external reference current mode by setting the supply
switch 186 in a non-conducting state and the reference switch 184 in a conducting state. To
check the programming status of each bit cell 20, 21 the exact drain source current ICELL
of each bit cell 20, 21 is determined. Thus, for each bit cell a first value Icelll of the bit
cell current ICELL is measured. Therefore, an external reference current IREF which is
provided by the not shown test equipment and which is internal distributed to the sense
amplifier arrangement 100 is swept in defined steps either from a low to a high value or
vice versus depending on the used technology. For simplification a positive ramp is

explained.

As a starting point a reference current IREF with a level which is 50% of a good
programmed bit cell is applied from the test equipment to the memory arrangement 1 via
the test pad 180. All addresses are checked with this current level and the result should be
equal to "high" because all bit cells are showing a higher current compared to the external
reference current IREF applied to the memory arrangement 1. In case of a fully differential
bit cell plane 2 the second bit cell 21 is checked as well by using a special test mode which
allows to compare the second bit cell 21. All second bit cells 21 should be "high" as well.
After the two readouts of the whole memory with the standard read out speed. The external
reference current IREF is increased by a defined step and all bit cells are checked again as
described above. The external reference current IREF is increased with the defined step

size as long as all bit cells are changing from "high" to "low".
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What happens when a bit cell changes its state from "high" to "low": The external
reference current IREF is becoming larger compared to the bit cell current ICELL of the
bit cell. That means the test equipment measures with this method the value of each bit cell
current in the NVM plane 2 and a bit cell current distribution D of the programmed bit
cells can be determined as shown in Fig. 6 on the right side of the plot. The accuracy of
this method depends on the step size used to increase the external reference current IREF.
The value of the step size depends on the used production test equipment (resolution of the
current sink), on the noise level of the sense amplifier arrangement 100 and the NVM 1,
the defined cycle classes and on the test time. This value will vary for each technology and
is found during characterization. Once the current distribution D is measured, a +6 sigma
limit can be applied by the test equipment to filter out weak bit cells. Thus, the weak bit
cells are selected in the test phase before an operation phase ("pre” the operating phase)
and thus are the preselected bit cells in the operating phase or phases. This approach is
addressed to the infant mortality screening of the bit cells; the limits are adapted to the

used technology and production line.

As third step the memory arrangement 1 is switched back to the external voltage supply
mode and a soft erase pulse is applied to the memory arrangement 1. Care is taken for fully
differential NVMs as stated above to erase both bit cells 20, 21 of one data bit. A value
VERSI of the supply voltage VPP is used for the soft erase pulse that is lower compared to
the standard erase voltage level. The timing used during erase stays the same as for a
standard erase pulse. So only the supply voltage VPP is changed and the timing is fixed.
The exact value of the supply voltage VPP during the soft erase pulse depends on the used

technology and can be found during characterization.

After the soft erase operation has taken place, the memory arrangement 1 is switched to
external reference current mode. The external reference current IREF is again swept from
very low value near 10% of a good programmed bit cell. Using the same step size as for
checking for the programmed status but now the test equipment checks the status of the
erased bit cells. This results in a soft erase bit cell current distribution D shown in Fig. 6 on
the left side. Also the £6 sigma limit is applied to screen out infant mortality failure. Fast

bit cells which fail within the defined number of endurance cycles will erase much faster
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compared to standard manufactured bit cells which leads to a lower bit cell current ICELL.

Thus, for each bit cell a second value Icell0 of the bit cell current ICELL is measured.

Of interest now are such fast bit cells and how they can be classified into cycle classes.

Fig. 6 shows as an example failure B1 also presented in Fig. 4. This fast bit cell leads to
stuck at "low" failure close to 250k endurance cycles. To screen such bit cells the
distribution D of the program and soft erase is measured and the median of both
distribution peaks is calculated and the difference of these two currents marked as AM in
Fig. 6 is monitored. Standard processed bit cells without defects which are capable of full
filling the 1M endurance cycles show a shift Al in the bit cell current ICELL around AM. If
bit cells are found showing bigger or lower shift Al than AM these are candidates for fast
bit cells not achieving the maximum number of endurance cycles. Fast bit cell B1 shows an
additional shift of AC which is inside the bit cell current distribution D and therefore
impossible to find for standard screening procedure searching for outliers. Thus, the

additional shift AC can be calculated according to the equation:

AC=AI-AM or AC= |Al-AM |
Al =TIcelll - IcellO

wherein Al is the difference between the first value Icelll and the second value Icell0 of
the bit cell current ICELL and AM is the difference between the median of the first value
and the median of the second value of the bit cell current ICELL. Depending on the value
of AC and the cycle class definition found during characterization, the number of
endurance cycles of B1 can be predicted and was found in that case to be smaller than
250k. Out of the characterization, the AC shifts vs the number of passing endurance cycles
is extracted to get the correct correlation to the cycle class definition. As the comparison is
performed for each address and bit cell, the position of B1 is exactly known in the NVM
plane 2. This is the base for the byte replacement strategy explained later.

The screening algorithm calculates for each address and bit cells the AC and based on the
cycle class definition which gives the limits in terms of A current allowed for the different
cycle classes, the number of endurance cycles for each bit cell 20, 21 is predicted inside the

NVM memory plane 2.
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For example, the bit cell is selected as the preselected bit cell, if the difference Al between
the first value Icell0 and the second value Icelll of the bit cell current ICELL is outside of
a first predetermined current range having an upper limit C1U and a lower limit C1L (with

CIL < C1U).

- If C1L < Al £ C1U, then the bit cell is not a preselected bit cell.
- If Al < C1L or Al > C1U, then the bit cell is a preselected bit cell.

If only two cycle classes are used, then the preselected bit is used up to a predetermined
limit of write cycles which is equal for each preselected bit (the bit cell is set into the
"lowest" cycle class). The bit cells which are not preselected are used up to the end of the
lifetime of the memory arrangement 1 (the bit cell is classified into the "highest" cycle

class).

If three cycle classes are used, then the preselected bit has to be classified into two cycle
classes. If the difference Al is outside of the first predetermined current range having an
upper limit C1U and a lower limit C1L and inside a second range having an upper limit
C2U and a lower limit C2L, then the predetermined limit of the write cycles has a first
value (the bit cell is set into a "medium" cycle class). If the difference Al is outside of the
second predetermined current range, the predetermined limit of the write cycles has a
second value that is smaller than the first value (the bit cell is set into the "lowest" cycle

class).

- If C1L < Al <€ C1U, then the bit cell is not a preselected bit cell.

- If C2L < AI < C1L or C2U > Al > C1U, then the bit cell is a preselected bit cell having
the first value of the predetermined limit.

- If AT < C2L or Al > C2U, then the bit cell is a preselected bit cell having the second value

of the predetermined limit.

If more than three cycle classes are used, then corresponding equations are used.
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Depending on the defect a fast erase bit cell is not necessarily a fast programming bit cell.
So also the opposite direction is checked to screen safely out fast programming bit cells

showing no degradation on the soft erase test.

As shown in Fig. 7, the test equipment applies a standard erase pulse with a value VERS of
the supply voltage VPP in the external voltage supply mode, then the distribution D of the
bit cell current ICELL of the erased bit cells (left distribution peak in Fig. 7) is measured.
Thus, for each bit cell a first value Icelll of the bit cell current ICELL is measured. Again

by applying the £6 sigma limit the test equipment screens for infant mortality.

Next step is to switch back to the external voltage supply mode and apply a soft
programming pulse with a value VPROGI of the supply voltage VPP. With the external
reference current mode the soft programming current distribution D is measured shown in
Fig. 7 on the right side and screen out the infant mortality. Thus, for each bit cell a second
value Icell0 of the bit cell current ICELL is measured. For both peaks of the distribution D
the median value of the bit cell current ICELL is calculated and is shown as AM in the
plot. B3 may be an example for fast bit cells, since B3 leads to a stuck at "high" failure
near 750k endurance cycles. AC is becoming smaller compared to failure B1 and defines

B3 to the cycle class 500k.

After executing the fast erase and fast program test, the test equipment finally finds all fast
bit cells which are not capable of fulfilling the maximum number of endurance cycles.
These bit cells as will be seen later are the preselected bits which then are replaced

dynamically by a byte replacement strategy to achieve the endurance specification.

The classification of a bit cell as a preselected bit and a not preselected bit and the

classification into the cycle classes using the pulse sequences described in Figures 7 to 11
can be performed similarly to the method described with Figure 6. In Figures 7,9 and 11,
the difference Al = Icelll - Icell0 may be negative and the amount | Al | of the difference

Al may be inserted into the equations instead of the difference Al.

Fig. 8 describes a second possible way to screen for fast erase bit cells. The test equipment

starts with the same procedure as explained in Fig. 6. The bit cells are programmed with a
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standard pulse having the value VPROG of the supply voltage VPP in the external voltage
supply mode. Next the bit cell current distribution D is measured in the external reference
current mode and the infant mortality are filtered out by applying the +6 sigma limit (right
peak of the distribution D in Fig. 8). Next a soft erase pulse is performed with a value
VERS?2 of the supply voltage VPP and again the bit cell current distribution D is measured
in the external reference current mode shown in Fig. § as the distribution D in the middle
of the plot. It is not required to apply the +6 sigma limit for that approach as described

below.

Next step is again a soft erase pulse with the supply voltage VPP having a value VERS3
lower than the value VERS2. Both soft erase voltages VERS2 and VERS3 are chosen in a
way that no overlap of all three bit cell current distributions D shown in Fig. 8 is achieved.
The exact values are dependent on the used technology and failure modes. After the second
soft erase pulse the test equipment switches back to the external reference current mode
and the bit cell current distribution D of the second soft erase step is measured. For both
soft erase pulses the median value and the AM current is calculated. As a fast bit cell
example B2 is chosen which leads to a stuck at "low" fast bit cell fail close to 500k. Again

a AC current is determined which classifies B2 as a 250k endurance candidate.

When one compares the approach from Fig. 8 with the test in Fig. 6, one can see that the
test equipment compares now two soft erase pulses which leads to a better sensitivity as
both operations are of the same type. Depending on the technology a standard program
pulse can cover the NVM element when the bit cells has additional transistors integrated,
like select transistors, which can limit the bit cell current ICELL. One may ensure that the
NVM celement, namely the bit cell is the mean contributor on the bit cell current ICELL to
enable a safe screening. As two soft erase pulses are compared, the =6 sigma limit is not
needed because the AC measurement will also screen safely for infant mortality fails. To
save test time the test equipment still sticks with the +6 sigma limit on the standard

program pulse at the beginning of the test as described above to filter out fatal failure.

To check the second polarity of the NVM bit cell, the test equipment tests for fast
programming bit cells as described in Fig. 9. A first step is to apply a standard erase pulse

with the value VERS of the supply voltage VPP. The current distribution is measured with
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the external reference current routine (left current distribution in Fig. 9). The +6 sigma
limit filters out fatal failures. The first soft programming pulse with the value VPROG2 of
the supply voltage VPP is applied next to the NVM plane 2 and the bit cell current
distribution D is measured with the external reference current IREF (middle distribution
Fig. 9). Again a soft program pulse with the value VPROG3 of the supply voltage VPP is
executed and the second soft program bit cell current distribution D is measured (right
distribution Fig. 9) with the external reference current mode. The AM of the median values
is calculated and as an example for a fast bit cell B4 is shown in Fig. 9. B4 will lead to a
stuck at "high" failure near the 1M endurance cycles and is classified as 750k. As seen
from the plot AC is small compared to B2. The failure close to the maximum specified
number of endurance cycles are the most difficult to screen. The £6 sigma limit is not
needed for the same reason as explained above, since the infant mortality bit cells are
safely screened with this method. The exact values VPROG2 and VPROG3 of the supply
voltage VPP are defined by the technology and are chosen to have no overlap between the

three current distribution peaks.

Having a closer look to the test described in Fig. 8, it can be seen that the test equipment
executes two soft erase pulses in series. The second soft erase pulse starts from the level of
the first soft erase pulse. There is also the possibility to make a standard program pulse
after the first soft erase pulse and execute the second soft erase pulse after the additional
programing pulse has been applied. Fig. 10 shows the flow for this screening procedure.
The difference is that the test equipment starts for both soft erase pulses from the same
level (standard programmed bit cells) and, therefore, the results are better comparable. This

mainly depends on how the characterization was done.

The procedure shown in Fig. 8 has a charge accumulation on the floating gate that takes
place because there is already a charge on the floating gate before the second soft erase
pulse is started. To get comparable results between these two screening algorithm the value
VERS3 will be different compared to the value VERS4. The value of difference between
the two voltages depends on the amount of charge which is already on the floating gate for
the screening described in Fig. 8. For different technologies different delta voltages are
achieved between the values VERS3 and VERS4. The erase fast bit cell screening based

on Fig. 10 starts with a standard program pulse VPROG followed by a bit cell current
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distribution measurement using the external reference current mode. The +6 sigma limit
screens out fatal failure. Next step is a soft erase pulse with the value VERS2 of the supply
voltage VPP followed by a bit cell current distribution measurement. So far all steps are
equal to the test procedure shown in Fig. 8. After the bit cell current measurement a
standard program pulse with the value VPROG of the supply voltage VPP is applied to the
memory arrangement 1. There is no need to run an additional bit cell current distribution
measurement. After the standard program step a soft erase pulse with the value VERS4 of
the supply voltage VPP is executed and the bit cell current distribution D is measured for
the second soft erase pulse. Out of both soft erase distributions, the AM of the median
currents are calculated. As fast bit cell example B2 was chosen to make this screening

approach more comparable to Fig. 8.

The check of the second polarity is done in a similar way and described in Fig. 11. The
algorithm starts with a standard erase pulse with the value VERS of the supply voltage
VPP followed by the bit cell current distribution measurement and the fatal error screening
with the +6 sigma limit. The first soft program pulse with the value VPROG2 of the supply
voltage VPP followed by the bit cell current distribution measurement is the same as in
Fig. 9. To reset the charge on the floating gate a standard erase pulse with the value VERS
of the supply voltage VPP is executed next. The second soft program pulse with the value
VPROGH4 of the supply voltage VPP and the bit cell current distribution measurement are
the next tests to be executed. Out of both bit cell current distributions the AM of the
median is calculated and for each bit cell in the memory the differences AC are derived. As

fast bit cell example B4 is chosen and shows the same results as in Fig. 9.

All three different screening methods are capable of screening fast bit cells which will not
withstand the maximum number of endurance cycles the NVM technology can safely
provide. All screening methods are able to find the exact location of the fast bit cells in the
NVM plane 2 and can classify the fast bit cells according the defined cycle classes. With
these inputs to the screening algorithm a replacement strategy can be implemented to
overcome the yield loss which one will face if no replacement strategy is present. Which
screening algorithm fits best is mainly defined from the used technology, the production
line, the production test equipment and the test time. It is also possible having no

replacement methodology at all to save area which makes sense for standard products
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where different cycle classes can be sold to the market. The replacement strategy is the

better choice in systems in which the memory arrangement 1 is embedded.

Based on the endurance failure rate shown in Fig. 5 and the size of the memory the needed
number of replacement bit cells 50 to 55, 60 to 65 can be calculated. The achievable values
are mainly depending on the used NVM technology and the defect density of the
production line. As seen in Fig. 4 not many NVM bit cells will fail before the wear out
region starts. In the shown example, four bit cell will not achieve the 1M endurance cycles
and, therefore, will be replaced safely to reach the specified target. On the other hand the
arca overhead by introducing a replacement strategy showed to be small to have a
significant outperformance against a standard ECC technique. Advantageously, no
additional columns may be added to the memory. Adding a column means that this new bit
cells need to be placed in an additional high voltage well which has three mean
disadvantages. First a high voltage well has a minimum defined width adding additional
area to the memory. Second the well spacing between two high voltages wells is rather big,
again resulting in an area increase. Number three is the need of an additional y-address. All
drawbacks may be avoided, if only world lines 88, 89 are added to the memory

arrangement 1 for replacing weak bit cells.

An additional simplification is to replace a whole byte instead a single bit cell which leads
to a much simpler address replacement handling. As no additional y decoding is present,
additional word lines 88, 89 may be added to overcome that problem. For the shown
example with four failures, four word lines are added because all four failures can occur in
the same well. There is also the possibility that the replacement bit cells are having a
defect. Therefore additional word lines are added to safely screen for such defects. In the
shown example, two replacement word lines 89, 89 will solve that issue. So in total six
replacement word lines 88, 89 are needed to ensure that the memory arrangement 1 is able

to withstand 1M endurance cycles.
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Claims

1.

Memory arrangement, comprising

a non-volatile memory plane (2),

a replacement plane (3),

an address select block (302), and

a counter arrangement (300) having at least one counter (310 to 312),

wherein the at least one counter (310 to 312) is configured to be incremented at a write
cycle of the memory arrangement (1) and

wherein the address select block (302) is configured to switch from the non-volatile
memory plane (2) to the replacement plane (3), if a counter value of the at least one

counter (310 to 312) is higher than a predetermined limit.

Memory arrangement according to claim 1,

wherein the counter arrangement (300) comprises a first number N of counters (310 to
312) and the non-volatile memory plane (2) comprises a second number M of
preselected bit cells (20),

wherein the memory arrangement (1) comprises an address replacement plane (307)
that stores the addresses of the second number M of preselected bit cells (20) and
wherein the addresses of the second number M of preselected bit cells (20) are

determined in a test phase.

Memory arrangement according to claim 1 or 2,

wherein the at least one counter (310 to 312) is incremented at each write cycle of a
preselected bit cell (20) of the non-volatile memory plane (2) and the address select
block (302) switches from the preselected bit cell (20) of the non-volatile memory
plane (2) to a replacement bit cell (50) of the replacement plane (3), if the counter

value of the at least one counter (310 to 312) is higher than the predetermined limit.

Memory arrangement according to claim 2 or 3,
wherein the address replacement plane (307) stores the addresses of the second

number M of replacement bit cells (50).
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Memory arrangement according to one of claims 2 to 4,
wherein the address replacement plane (120) additionally stores an information about

the predetermined limit of the preselected bit cell (20).

Memory arrangement according to one of claims 2 to 5,

wherein the second number M is equal or smaller than the first number N,

wherein one of the first number N of counters (310 to 312) is incremented at a write
cycle of a corresponding preselected bit cell (20) of the second number M of
preselected bit cells and the address select block (302) switches from the preselected
bit cell (20) to a corresponding replacement bit cell (50) of the replacement plane (3),
if the counter value of said counter (310 to 312) is higher than a predetermined limit

corresponding to said preselected bit cell (20).

Memory arrangement according to one of claims 2 to 6,
wherein the address replacement plane (307) stores an information about the second

number M of predetermined limits.

Memory arrangement according to claim 7,

wherein at least two of the second number M of predetermined limits are different.

Memory arrangement according to one of claims 1 to 8,
wherein the memory arrangement (1) is configured to replace a byte of the non-
volatile memory plane (2) comprising the preselected bit cell (20) by a byte of the

replacement plane (3) comprising the replacement bit cell (50).

Method for operating a memory arrangement, comprising

storing information in a non-volatile memory plane (2) in a write cycle,

counting the write cycle by at least one counter (310 to 312) of a counter arrangement
(300) and

storing further information in a replacement plane (3), if a counter value of the at least
one counter (310 to 312) is higher than a predetermined limit, and in the non-volatile
memory plane (2), if the counter value of the at least one counter (310 to 312) is equal

or lower than the predetermined limit.
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14.
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Method according to claim 10,
wherein the counter arrangement (300) comprises a first number N of counters (310 to
312) and the non-volatile memory plane (2) comprises a second number M of
preselected bit cells (20),

wherein the memory arrangement (1) comprises an address replacement plane (307)
that stores the addresses of the second number M of preselected bit cells (20) and
wherein the addresses of the second number M of preselected bit cells (20) are

determined in a test phase.

Method for testing a memory arrangement, comprising

determining an address of a bit cell (20) by an erase test and/or a program test of the
bit cells of a non-volatile memory plane (2) of the memory arrangement (1),

storing the address of the bit cell (20) as a preselected bit cell in an address
replacement plane (307) of the memory arrangement (1), and

storing an address of a replacement bit cell (50) of a replacement plane (3) of the

memory arrangement (1) in the address replacement plane (307).

Method according to claim 12,
wherein an information about a predetermined limit of write cycles is stored for the
preselected bit cell (20) in the address replacement plane (307) depending on the result

of erase test and/or on the result of the program test of the preselected bit cell (20).

Method according to claim 12 or 13,

wherein an erase test of a bit cell (20) is performed by

programming the bit cell (20),

determining a first value (Icelll) of a bit cell current (ICELL) flowing through the bit
cell (20),

providing an erase pulse to the bit cell (20),

determining a second value (Icell0) of the bit cell current (ICELL) flowing through the
bit cell (20) and
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15.

- 45 -

setting the bit cell (20) as the preselected bit cell, if the difference (AI) between the
first value (Icelll) and the second value (Icell0) of the bit cell current (ICELL) is

outside of a first predetermined current range.

Method according to claim 14,

wherein the predetermined limit of write cycles has a first value, when the difference
(Al) is outside of the first predetermined current range and inside a second
predetermined current range, and the predetermined limit of write cycles has a second
value that is smaller than the first value, when the difference (Al) is outside of the

second predetermined current range.



WO 2018/158265

112

PCT/EP2018/054836

FIGT [=] =
@ | ©
FIG 1A
161~ o
I
31(,5 VPP
VH+152._.. S 10 17 "y
140 15 S | — ,
13 o] 20 J_Y%,,—_IM
15/1 WHZO\Iﬂ fl! ﬁI_L ﬁ|_'_ lj" |
85 30 —-031 Py 32 T 33 o 34 __‘.
wo e B fEp By (Ep
86 40 --041 1P 42 e 43 ) 44 e
ws g g (EH JER [ES
10 —\. 7 1l BT T Bl
87 Bllwer fy-sis W\EZ U aig
WL1R\I1
1 1] 62 ] a1
88 60 | 6||:L6|'J 63|r_'_ 6|r"'
= WLzﬂ\[h-b 5 5
t1ob—Jgg A0 71 7] 73] 74
~— 76 77 78 7 3
i \Tayj' - Y-l_. FER S
\ 90— 1] [ 112
150 = DL
\ L8 10111 12}, 102
90 100~ 0 =
o— soUT 03




WO 2018/158265

2/12

PCT/EP2018/054836

250~ 26
}115 >

IREF ZGTji%S}_

-G 1B 1
’/J
L1600 170
T5Y TV T2y T3V T4f
186
| sL3 ™
| 190 200
354 >
oy £ 7
135y 1l VPP 1 201
L_j%Egi' 02
210 220
T B D
| IEE: / T {i:}}_ 185
AN ICELL | 991
BB
| Wes I | a0 1/80
| '*EE: g . =
65, Ll 3 - {1 ;} ! {i :} ke
ir‘r ICELLB ::>x>:]§ ~ 281
Ly 230" 240 [\183 270
75 .




PCT/EP2018/054836

o
= SYIN-—=—=

WO 2018/158265

0/1V1vd

3 L1E 1€
— ; . 1 0
£015 or | ~00¢
01— Z :
VaiZes ~291
ci14 | 2061
- »
2t
07T 0 % 7 0 0
\ 06l iy 08 208 _
01— . sng_Haay
sng_INL
—— ] SNg T04INOD
908" I I TG
) 191 ) S
" ~— "™ 29l




WO 2018/158265 PCT/EP2018/054836

4/12
FIG 3
First Address of Second Address of Third Address of
Byte Replacement Byte Replacement Byte Replacement
Information Information Information
CRCSC OYC  X-ADDR CYC  X-ADDR  Y-ADDR

Bits Bit CLASS Replacement Plane  CLASS NVM Plane NVM Plane
Rep.



PCT/EP2018/054836

WO 2018/158265

5/12

FIG 4

Standard
Endurance Region

Wearout Region

o«
i

N
7_Ib_-
i

50k 250k 500k 730k 1M

Icell1max

\

lcell1 |

/./
[cellimin
Ineutral

11391

Number of Endurance Cycles



WO 2018/158265 PCT/EP2018/054836

6/12

FIG 5 )

FASTBIT FASTBIT FASTBIT FASTBIT

B3 B4 B2 B1
B N Y e I S
e -
I S M -
! ! 750k | |
: ot o e = |
I 00k -

250k
- number of endurance cycles

ICELL



PCT/EP2018/054836

WO 2018/158265

712

(AL HLN / [y] 17301

ool

IV 40G¢

HIsdl
i

0133l

(904dA) 1189]
(1g) 1191Sv4

(904dA) ddA PIEpuels
Uum pawwesbold s)199 1q

_____________]_________________|_

. 1SHIA .
ISV43 1408

(1SHIA) 1189]
(19) 1191SvA

(1SHIA) ddA
paonpal

" YlIm paseld
S{[ad 1iq

e 99



PCT/EP2018/054836

WO 2018/158265

8/12

(Al HIN / [y] 171301

gl

(L904dA) 1189]
(cg) 1191SvA

(1904dA) ddA panpal
UiM pawwesboud s)99 1iq

05T _
! 4009 !
™06 |
o _T_z,_i_ b
N asnal oo
“ N/ ™ P et vy ~p— _
' Olleo) X 1V 1 WY
i 1 (SHIN) ddA
! o DIEPUBIS
m Y T [ Uiim pasess
| . $1/89 1
m . Mwmma 189]
| . —(cq) 11915V
T:o.@ﬂ-v#w.-w@.:i s
=
=
— 190HdA .
004dd 140S 1 N G_n_



PCT/EP2018/054836

9/12

WO 2018/158265

=~ 05
I P -
0S4
. (¢SHIA) 1199] . RN
ﬁz H1n / Ivni] 11391 (29) :m_ai/ | :__ _ Eniny .r _L\o__g_
w T W m
w w (ESHIN) ddA
“ o Z @ |||||||| m padnpol
m | [ U)Im pasels
(904dA) ddA m (ZSHIA) ddA paanpal i S99 11G
PIEPUE}S UlIM m UM pasels |89 1iq
pawweiboud - L | (ESHAA) 1199
SIBONg T oo+ T [= 09 = = (z9) LiglSvA
= = =
= I -
= = =
— e = eHIA =
ISy 140S IS4 1408
1a 89l




PCT/EP2018/054836

WO 2018/158265

10/12

=g
s
Eiaiia Rl (¢90HdN) 1199
AL/ D] 11301 et e (v8) L1815V
01199] w
........ WV W w
.......
(2904dA) ddA paanpal | |
(E90HdA) dd/\ Paanpai_- | AUlM paweiboid §i130 1 m m m%:\vwm_%
UM pawweiboid sj199 g m - LM PASeId
(E90HdA) 1189] U S— = gany,
= (ba) 11915V = o9+ g OF 19919
S S S
I x> x>
= = =,
— £904dA — Z904dA =
904d 1403 904d 1403
va 694



PCT/EP2018/054836

WO 2018/158265

11/12

= oos
e -
RS
- - (2SHIN) 1189] 118 BRI R R .
IAT Hun / Iy 71301 (e8) 1181SYA 1% T ._ml_x_\o__ |
m VAL |
w | w (¢SHAN) ddA
m s REEEEEE 7 m | paonpal
| m UlIM pasess
(9504dA) ddA i (2SH3N) ddA paonpal | $199 119
DIBPUEIS U)IM m Uiim paseld s|(a9 g
powweioid " (YSUIA) 1189]
$|130 11q T-.o.@ﬂ-wv 4--.@.@“--#_ = = | (¢8) L1gISVA
= S =
x= == =
_— -— P
=77 D0HdA NINVHI0Hd < =
2SHIA DO 140S
/ PSHIA x\\
IS4 140S va Ol 9HAH




PCT/EP2018/054836

WO 2018/158265

12/12

=005
05 T
Einira il (Z90HdA) 1189]
N HIN/ ] T30 | jieoj -~ (V) LiglSvd
01129 w
........ W M M
........
(2904dA) ddA Paanpas | m
(¥904dA) ddA Paanpa Y patuwesBoud sj139 g m -l %wcm_c\wwwn_%
Uim pawwesbold )89 1g ! | 1M paseI3
(¥D0HdA) 11991 = §ia0119
= (yd) L191Sv4 _
L
=
= SHIA ISVH3
290HdA H0Yd 140S
/ 790HdA \\
904d 140S W Ll 9HH




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2018/054836

A. CLASSIFICATION OF SUBJECT MATTER

INV. G11C16/34 G11C29/50
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

G11C

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data, COMPENDEX, INSPEC

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2009/138654 Al (SUTARDJA PANTAS [US]) 1-11
28 May 2009 (2009-05-28)
paragraph [0066] - paragraph [0072];
figure 5
paragraph [0037] - paragraph [0045];
figures 2-4
X US 2008/183952 Al (RIKITAKE NOBUHIRO [JP]) 1-11
31 July 2008 (2008-07-31)
paragraph [0058] - paragraph [0065];
figure 10
X US 2005/235131 Al (WARE FREDERICK A [US]) 1-11
20 October 2005 (2005-10-20)
paragraph [0057] - paragraph [0063];
figure 3
- / -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

17 May 2018

Date of mailing of the international search report

29/05/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Lecoutre, Renaud

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2018/054836

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

US 2009/256128 Al (LEE JUNG-HYUN [KR] ET
AL) 15 October 2009 (2009-10-15)
paragraph [0050] - paragraph [0052];
figure 3

12-15

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




International application No.
INTERNATIONAL SEARCH REPORT PCT/EP2018/054836
Box No.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:' Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.
3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers

only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ EP2018/ 054836

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-15

This Authority considers that the application does not meet
the requirements of unity of invention and that there are 2
inventions covered by the claims indicated as follows:
First Invention : Claims: 1-11

Memory arrangement and the corresponding method for
operating the memory arrangement.
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Method for testing a memory arrangement.

1.1. claims: 1-11

Memory arrangement, comprising

- a non-volatile memory plane,

- a replacement plane,

- an address select block, and

- a counter arrangement having at least one counter,wherein
the at Teast one counter is configured to be incremented at
a write cycle of the memory arrangement and wherein the
address select block is configured to switch from the
non-volatile memory plane to the replacement plane, if a
counter value of the at least one counter is higher than a
predetermined limit.

And the corresponding method for operating the memory
arrangement.

1.2. claims: 12-15

Method for testing a memory arrangement, comprising

- determining an address of a bit cell by an erase test
and/or a program test of the bit cells of a non-volatile
memory plane of the memory arrangement,

- storing the address of the bit cell as a preselected bit
cell in an address replacement plane of the memory
arrangement, and- storing an address of a replacement bit
cell of a replacement plane of the memory arrangement in the
address replacement plane.
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